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ABSTRACT. Precise control over molecular movement is of fundamental and practical importance in
physics, biology, and chemistry. At nanoscale, the peculiar functioning principles and the synthesis of
individual molecular actuators and machines has been the subject of intense investigations and debates
over the past 60 years. In this review, we focus on the design of collective motions that are achieved by
integrating — in space and time — several or many of these individual mechanical units together. In
particular, we provide an in-depth look at the intermolecular couplings used to physically connect a
number of artificial mechanically active molecular units such as: photochromic molecular switches,
nanomachines based on mechanical bonds, molecular rotors, and light-powered rotary motors. We

highlight the various functioning principles that can lead to their collective motion at various length scales.



We also emphasize how their synchronized — or desynchronized — mechanical behavior can lead to

emerging functional properties and to their implementation into new active devices and materials.
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1. INTRODUCTION
1.1. General objective of the review

The increasing complexity of chemical systems is often related to their propensity in generating more
elaborated molecular movements, as for instance observed in living matter. Indeed, biologists and
physicists teach us that the intrinsic properties of life as we know it (e.g. reproduction, metabolism,
mutation, and homeostasis)!-? are sustained by out-of-equilibrium situations which, at some point, require
— but also generate — directional molecular motion through the involvement of biomolecular machines.?

Often inspired by nature in their quest to conceive always more complex molecular objects, chemists
have also been for a long time interested in designing and synthesizing artificial molecular systems

capable of precise mechanical actuation and of energy transduction. To do so, they had first to finely
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understand the thermodynamic parameters that rule motion at nanoscale, and then to practically overcome
a number of related physical constraints. For instance, individual molecular actuators are typically
submitted to Brownian motion and their internal movements cannot be harnessed at larger scales without
the conception of appropriate methods to orientate and interface them with other elements. Moreover, the
extraction of a useful mechanical work at nanoscale from a simple molecular motion is not possible
without the necessary introduction of very specific elements to rectify thermal fluctuations also known as
Brownian ratchets — a notion popularized 60 years ago by Richard Feynman along with his visionary talks
on nanotechnologies.*®

The recent progresses made by researchers and engineers to harness nano-mechanical actuation have
been remarkable, and they can be roughly divided between two main categories. On the one hand, a series
of very fruitful endeavors has been directed by a large research community strongly influenced by
polymer chemists and materials scientists. They made use of relatively simple bistable molecules (such
as E/Z configurational isomers in photochromic switches) in order to exploit their collective mechanical
actuation by properly integrating them in responsive materials and devices.” On the other hand, a series
of breakthroughs has been achieved by another research community mostly influenced by synthetic
organic chemists, and partly inspired by the functional principles of biological machines. They succeeded
in designing more complex switchable chemical entities capable of large amplitude motion of
submolecular components, in particular based on the development of the so-called “mechanical bond”.?
In addition, they developed complementary chemical tools conferring to these machines the advanced
property to function autonomously out-of-equilibrium when fueled by a constant source of external
energy. Notably, initial endeavors and achievements in the design and synthesis of such artificial
molecular machines have been awarded by the 2016 Nobel Prize in Chemistry to Jean-Pierre Sauvage,
Sir Fraser Stoddart, and Ben Feringa.” '! In general, the functional tasks that can be performed using these

machines have been pursued on their own scale (e.g. transport of nanometric cargo, mechanochemical



catalysis, molecular pumping). However, the recent literature shows that artificial molecular machines
can also be integrated and interfaced with other elements to harness their collective motion up to
microscopic and even macroscopic scales.

The objective of this article is to discuss some of the progresses towards collective molecular actuations
made by these two communities which have only limited interactions with one another, but which could
further benefit to be mutually influenced. More specifically, we review the integration and
synchronization of controlled molecular motions, whether they come from minimal photochromic
switches or more advanced synthetic machines. We first show how individual nano-actuators can be
engineered as elementary modules and coupled into larger mechanically active assemblies towards higher
length scales. We then discuss the differences and the similarities between these systems depending on
the nature of the molecular actuators involved. Finally, by highlighting the various functioning principles
at work in these mechanical systems, we propose a general classification which relates their molecular
structures with their hierarchical dynamics, their potential functions, and their applications at micro- and
macroscopic scales.

1.2. Directional motion at low Reynolds number

The term of motion relates to the spatial and temporal displacement of an element within a frame of
reference. The concepts and methodologies that have been developed to understand and control motion
at different length scales revealed some of the most important scientific principles which stand at the
foundation of modern physics.® At macroscopic scale, movements of objects are mainly ruled by the
gravitational force, and they can be predicted accurately by deterministic physics. Conversely, at
molecular scale, positional changes of single particles are dominated by random collisions which can be
described in the form of Brownian motion by statistical physics.!?> The Reynolds number (R), which
decreases with the radius of the particles, quantifies this transition from the macroscopic world (dominated
by momentum and inertia) to the nanoworld (dominated by random thermal energy and viscosity). This
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is why, at low Reynolds number, finely controlled molecular motion (e.g. translational or rotational) is
achieved in a way that is largely counterintuitive based on what we experience with macroscopic machines
in our everyday life.!

A number of “thought experiments”!# (such as Maxwell’s demon,'> Smoluchowski’s trapdoor,'® and
Feynman ratchet-and-pawl'’) have early explored the implications of the Second Law of
Thermodynamics — which stipulates that entropy increases to a maximum in an isolated system — in order
to permit directional motion at nanoscale. The general answer to the apparent paradoxes raised by these
approaches is that the local decrease in entropy caused by directional motion should be somehow payed
by fueling the system with an external source of energy. In the particular case of the Feynman ratchet-
and-pawl device, directional motion (which breaks spatial and time-reversal symmetries) cannot be
obtained from a single thermal bath. However, the production of an effective mechanical work becomes
in principle possible if the device is submitted to a very local thermal gradient (which breaks detailed
balance and leads to a non-equilibrium situation).'® A number of refinements on the understanding and
design of Brownian ratchet mechanisms have been discussed in the literature.!” > Two main categories
can be distinguished:'*?? i) energy ratchets that have no reference to the position of the particle and in
which biased potential-energy minima and maxima are repeatedly modified by an external signal
(pulsating ratchets), or in which biased potential-energy surface remains constant but detailed balance is
broken by using an unbiased driving force to cross energy barriers (tilting ratchets); and ii) information
ratchets which rely on modifying the height of an energy barrier depending on the position of the particle
on the potential-energy surface (and thus by a transfer of information from the particle to the energy
profile powered by an external source of energy). Therefore, mechanically active molecular systems can
make use of ratcheting strategies to move a particle up to an energy gradient and to exchange energy —

and thus to potentially exchange information — with their environment.?



Ratcheting strategies are notably adopted by biomolecular machines in order to bias random thermal
motion for the production of a mechanical work. These complex protein machineries ensure key functions
by transduction of this mechanical energy from — and into — other types of energies (that is most often
chemical energy).?*?* For instance, the key energetic molecule of adenosine triphosphate (ATP) is
produced within mitochondrial matrices by a protein rotary motor (ATP-synthase), which uses a gradient
of proton as a primary source of energy.?® Other complex protein machineries are responsible for the
translation of nucleic acids (e.g. ribosome),?’ for intracellular transport (e.g. kinesin),?® for the creation of
concentration gradients (e.g. Na”/K* pump),?® for controlling the highly dynamic structure of the Golgi
apparatus (e.g. dynein),*° for bacterial flagellar motion (e.g. salmonella H-driven motor),®' or for the
production of integrated movements of large amplitudes (e.g. myosin in muscular tissues).*> The structural
complexity of biologic machines is certainly driven by an evolutionnary process which addresses a
number of heavy constraints in the cell, including the need of spatial and temporal specificity for binding
events in a highly dense medium of competitors, and including specific catalytic activations and
correlations with networks of chemical reactions.

These constraints should be in principle less demanding in simpler environments, and it has been shown
that more rudimental artificial molecular systems can indeed achieve precise motion, and can even
produce a continuous work on their environment, although they are built with only a few number of atoms.
Synthetic machines can also be supplied by various sources of energy (e.g. chemical, electrical, and
optical), thus leading to various peculiarities. For artifical systems, the use of light is of utmost interest
for several reasons: it is a low cost source of energy; its wavelength is finely tunable; its spatial and
temporal delivery can be precisely controlled from very large to very small domains; it can directly
activate a molecular motion through excited states without the production of chemical waste; and it can
directly generate a force on a machine (known as “power stroke”) due to the absence of microscopic

reversibility in light-driven excitation.’ This later specificity has important consequences for the fine



functioning principles which differ drastically between chemically-gated and light-powered molecular
motors.>** On the other hand, light has also some drawbacks which can partly explain the choice made
by Darwinian evolution to work with biomolecular machines using chemical fuels. Indeed, sunlight
cannot be stored and delivered on demand, it produces highly energetic radiations which can damage
other chemical parts of the system, and it cannot easily penetrate at lower wavelengths neither within
tissues, nor within materials when discussing artificial systems.

1.3. Terminology used in this review

Although the artificial construction of nanomachines reaching the complexity of their biological
counterparts is very far from any practical realization, the fundamentals of what should be their
functioning principle is progressively diffusing into the chemical community. This knowledge has already
helped chemists in formalizing a number of now well-accepted terms to characterize mechanically active
molecules (e.g. “machine”, “switch”, “motor”, “ratchet”, “linkage”, “escapement”, etc.).!* Because the
functioning principles of directional motion at nanoscale can be counterintuitive based on our
macroscopic perceptions, the use of an appropriate scientific vocabulary is of first importance to discuss
this topic, and we will be rigorous on that aspect throughout this review. In particular, the term of
“molecular machine” describes a molecular entity in which the subcomponents can be moved relative to
one another, in a controlled manner, and with the potential to use that mechanical actuation as a functional
— and therefore “useful” — tool. Such machines can be divided between two main categories: switches and
motors. Molecular switches are bistable (or multistable) entities which can be actuated back and forth
upon external stimulation (e.g. by optical, electrical, or chemical means), and which influence the system
as a function of state. Importantly, because of microscopic reversibility principle, when an isolated switch
returns to its original position, the backward motion between the submolecular components leads to the
cancellation of any work done during the forward motion. In a striking difference, molecular motors move

their subcomponents following a non-reversible pathway that influence the system as a function of their
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spatial trajectory. A motor can repeat this motion again and again, for instance by processing with a full
directional rotation of 360°, and can even possibly cycle motion autonomously when supplied with a
constant source of external energy. Therefore a molecular motor — although more challenging to
synthesize — is able to constantly and progressively increase the work it performs on its environment. In
addition, we will discuss in this review a limiting number of examples involing molecular rotors. They
are defined as molecules consisting of two parts that can easily rotate relative to each other. In principle,
this one-dimensional rotation (that is changing in a single angle) involves very low energy barriers and
cannot be ratcheted to produce any work. However, when properly designed, several of these rotors can
be coupled together to lead to collective gearing motion, which constitute an interesting entry to construct
mechanical modules which could be eventually connected to an active motor part for instance.

The language necessary to describe the coupling between molecular actuators and their hierarchical
dynamics across all length scales will also be of first importance in the following discussion. Terms such
as self-assembly, bottom-up, interfacing, orientation, transmission, correlation, gearing, anisotropy,
synchronization / desynchronization, oscillations, and cooperativity will be introduced along the
description of the systems selected for this review, and they will be used to precisely characterize and
classify the various effects at work in a more general perspective.

1.4. Organization of the review

To keep this review comprehensive, we will mainly restrict our discussion to systems in which
collective motions are the direct consequence of local mechanical interactions between their various
elements. Hence, we will not consider collective motions only involving phase transition phenomena or
being only induced by long range orientation in external fields. The selected systems will be classified in
three chapters, depending on the chemical nature and functioning principles of their individual actuating
units as defined in this introduction. This subdivision is justified by the fact that it represents the current
trend by which these systems have been mainly developed, that is along relatively separated approaches

9



which have been pursued by relatively different communities. Therefore, we will start by discussing
collective motion extracted from photochromic switches that make use of local configurational
isomerization as a source of molecular actuation. We will then turn to actuators built on the mechanical
bond, which involve controlled molecular motions of larger amplitudes, often by making use of molecular
binding events, and whose complex topologies can also be integrated in dynamic collective systems. We
will finally outline correlated rotary motion, either produced by simple rotors showing gearing effects, or
by the integration of more advanced light-driven rotary motors capable of generating a continuous
unidirectional rotation when fueled by an external source of photons.

For each family of actuator, a brief introduction — including both seminal works and key reviews — will
describe their basic chemistry and their intramolecular motions, because they are essential information to
subsequently understand their intermolecular coupling in space and time. Then, collective mechanical
motions will be comprehensively described as well as their potential practical applications in devices or
materials. The organization of the works within each chapter will be partly based on chronology — in order
to highlight original research —, partly based on the mechanisms of collective actuation at work, and partly
based on the increasing complexity and performances of the systems described. Some typical criteria that
have been considered for this last item are: the complexity of the chemical structures involved, the number
of elements coupled with one another, the dimensional order of that coupled elements (from 1D to 3D
objects), the amplitude and speed of the generated motion, and the profound physical nature of the
actuation, going from simple reversible switches to more advanced motors functioning out-of-
equilibrium. Finally, in a last part on conclusions and perspectives, we will try to extract a global
classification of all these systems by discussing their similitudes, differences, and complementarities in

more general and common terms.
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2. MOTION FROM PHOTOCHROMIC MOLECULAR SWITCHES

Molecular switches are defined as chemical species possessing at least two thermodynamically
(meta)stable states and capable of reversible interconversion between them in response to external stimuli.
Such switches are typically activated by chemical, electrochemical, or photochemical triggers, and their
isomers should be stable enough to avoid spontaneous thermal relaxation when not desired.*® Kinetic
aspects are also important when considering a switchable molecule, because its time response must be
compatible with its functional use (e.g. as a molecular probe, as part of a drug delivery system, or as a bit
of information for data storage). Among the various types of switches, the present section will discuss
only those involving isomerization of photochromic compounds, some of which have been widely studied
for more than a century.’’*® Photochromism is simply described as the reversible color change of a
molecular species induced by light. More specifically, this phenomenon corresponds to a molecular
isomerization activated by photo-irradiation with UV, visible, or IR wavelengths. Photo-isomerization is
of particular interest and remains unequalled by any other approach because it is a non-invasive tool,
which can be easily tuned, and spatially resolved, and it is compatible with a large selection of phases.*
One should point out in the context of this particular review that, for the reasons mentioned above, and
although other triggers could be in principle used instead,*” light is the only stimulus that has been used
so far to switch isomerizable molecules in order to generate controlled collective motion. In addition,
among all the photochromic switches that have been elaborated in the literature, only a few of them have
been implemented into such collective systems. To enter in this field of intense investigations, we will
first detail the intrinsic mechanism of molecular photochromic actuation, and we will then present an

exhaustive list of the papers describing the elaboration of a collective motion using such compounds, with

a particular emphasis on the most impressive examples.

2.1. Introduction to photochromic molecular switches
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Azobenzene, diarylethene, and spiropyran are amongst the most studied molecular switches and, as a
consequence, they are predominant in the elaboration of collective motion systems. Fulgide, spirooxazine
and stilbene derivatives can also be found in the literature of this particular field, although the number of
examples still remains limited. Finally, photochromic hydrazones have emerged in the literature quite
recently, and the very first collective systems have been now developed. In the following, we will provide
an introductory overview of these molecular actuators based on their two main mechanisms of photo-
activation, namely: i) the cis—trans isomerization (i.e. with azobenzene, stilbene, and hydrazone), and i)
the electrocyclization (i.e. with diarylethene, fulgide, spiropyran, and spirooxazine).

Azobenzene was first used as a dyeing agent in the industry, and it is only in 1937 that G. S. Hartley
discovered its propensity to undergo cis-trans photoisomerization.*! This compound, formed by two
phenylamines whose nitrogen atoms are linked together by a double bond, is one of the most popular
photoswitches nowadays because of its simple structure and its reliability (Figure 1a). Usually, the switch
requires to be irradiated by UV light in order to perform the trans—cis isomerization. This process is
generally thermally reversible, the frans isomer being often more stable than the cis isomer. Therefore,
the cis—trans interconversion may occur through the absorption of visible light but also in the dark, thus
lowering the global yield of the trans—cis conversion. The lack of emission at the excited states and the
absence of obvious side-photoreaction lead to an almost quantitative quantum yield for both
isomerizations.*> Although this switch stands out by its great stability and fatigue resistance, degradations
can still occur in some specific conditions,* leading to photocyclization** or photoreduction.*> Even if
the photoreaction seems simple at first sight, its mechanism has not yet been fully elucidated; inversion,
concerted inversion, rotation, and inversion-assisted rotation are the four main processes that have been
proposed so far to explain this isomerization.*® The polarity and the viscosity of the solvent, the nature
and the position of the substituents, the temperature and even the pressure may have a tremendous impact

on the isomerization quantum yield, on the absorption wavelengths, and on the mechanism involved.**
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For instance, it has been shown that the presence of strong electron-withdrawing moieties allows the
cis—trans isomerization to occur under visible light.*=! These days, azobenzene has been explored
thoroughly and numerous synthetic approaches have been developed; two essential reviews cover almost
all the different synthetic pathways and detail their corresponding mechanism.’>>* The main synthetic
method is the azo-coupling reaction in which a primary phenylamine is diazotized at low temperature
before being placed in the presence of an aromatic nucleophile. This approach is usually quick and
efficient although it remains pH sensitive. In order to form exclusively symmetrical compounds, the
reductive coupling of nitrophenyl derivatives may be preferred. One of the main interests of the
azobenzene structure lies in the important change of its geometry and polarity. Indeed, the trans isomer
has almost no dipole moment and is planar, whereas the corresponding cis isomer is twisted and possesses
a dipole moment close to 3 Debye.>* Moreover, with its two aryl rings, azobenzene can be easily
substituted and functionalized by many different moieties. Finally, this switch may isomerize selectively,
depending on its orientation, when irradiated with linear polarized light.?>® As a result, this photochromic
moiety has been incorporated in a plethora of applications related to many different domains. For example,

57,58

it is used in the field of memory devices and it is also promising in order to form photo-responsive

42,56,59-61

polymers, metal-organic frameworks,% and self-assemblies.>
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cis-trans photoisomerization
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Figure 1: Chemical structures of photoisomerizable (a) azobenzene, (b) stilbene, (c¢) hydrazone, (d)

diarylethene, (e) fulgide (labile hydrogen highlighted in red), (f) spiropyran and (g) spirooxazine.

The synthesis of stilbene was first reported in 1843 by Laurent,®® but it is only in 1940 that its
photochemical properties have been reviewed by G. Lewis.** Nowadays, the book published by G.
Likhtenshtein is absolutely unequalled in order to get a better understanding of this system and of its main
applications.® The stilbene structure is quite simple, composed of two phenyl rings linked together by a
double bond. When photo-irradiated, this switch reacts similarly to azobenzene (Figure 1b). Indeed, the
trans—cis isomerization takes place under UV, whereas the cis—frans reversed reaction occurs typically
in the visible range. It is important to note that, unlike the previous system, the cis isomer cannot be
thermally isomerized back to the trans isomer,° but that it can undergo a photocyclization leading to the
formation of dihydrophenanthrene. This side reaction possesses a quantum yield of approximatively 0.1%
and remains reversible as long as the product is not oxidized by dioxygen or by any other oxidizing agent.

Therefore, stilbenes are usually present as a starting material in the synthesis of phenanthrene
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derivatives.®® 47 The chromophore properties of these switches are extremely dependent on the solvent
viscosity, polarity, and temperature, but also on the presence of other species such as heavy atoms.*’
Stilbene derivatives can be synthesized in many different approaches.®® The main pathway is the aldol-
type condensation, which can lead to a disubstituted product, at the cost of a relative low yield.
Alternatively, the Siegrist method or the Wittig reaction may be preferred in order to reach higher
selectivity or yield. In a general way, this switch can be found in different systems such as molecular
probes, photoresponsive materials, or drugs.%

In 2009, the research team of Aprahamian developed a pH-responsive rotary switch based on

hydrazones.”®"! This system was further improved in order to control the £/Z isomerization with transition

72,73 74,75

metals, such as Zn, or with photo-acids, such as spiropyran, and a negative feedback loop system
has even been elaborated.”® However, it is only in 2017 that the first photochromic hydrazone derivatives
were synthesized.”” Their structures are usually based on the presence of an a-ester phenylhydrazone
linked to an aryl moiety (Figure 1c). The Z isomer possesses an intramolecular H-bond between the
carbonyl of the ester and the hydrogen of the hydrazone, and its irradiation with visible light allows the
formation of the £ isomer. The latter does not possess intramolecular H-bond and is also thermally stable,
thus photoirradiation at a shorter wavelength is often necessary to reverse it to its initial form. It is
interesting to note that the interconversion may also be triggered by a two-photon excitation process.”®
The nature of the solvent and of the substituents seems to have a great effect on the absorption and
emission spectra,’® though few studies have been conducted so far to establish a general conclusion.
Compared to some other switches, hydrazone derivatives are relatively straightforward to synthesize.
They are formed through the condensation of an aryl hydrazine with a ketone.”” Having been recently

developed, the number of applications present in the literature is still limited. However, with their high

fatigue resistance, slow thermal isomerization and important quantum yield, one can assume that
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hydrazones will be investigated in depth in order to create novel systems. So far, they have been integrated
to liquid crystal to induce a photo-control of the material phase transition.”

Theoretically predicted and synthesized in 1988 by the team of Irie,**%! dithienylethene has become one
of the most popular photoswitching units. Its structure, based on a diarylethene, is composed of two
thiophene groups that are linked together by a (perfluoro)cyclopentene (Figure 1d). Upon
photoirradiation, this compound performs a reversible reaction from an open-ring isomer to a closed-ring
one, the latter possessing a cyclohexadiene structure.®? This photocyclization follows the Woodward—
Hoffmann rules, with the 6m-electrocyclization that requires UV light to occur, and with the reverse
opening that requires visible light. The (perfluoro)cyclopentene moiety is an important part of this
photochromic unit because it precludes cis—trans isomerisation of the double bond and hence increases
the efficiency of the switch.®* It has been demonstrated that this process is fatigue-resistant, thermally
irreversible, and that the nature of the molecular substituents influences greatly the photoresponse of the
system.®* The presence of electron-donating groups induces an increase in the absorption maxima
concomitantly with a diminution of the quantum yield of the cyclization and ring-opening reactions.
Inversely, electron-withdrawing substituents have no effect on the absorption maxima nor on the ring-
opening quantum yield, but they induce a bathochromic shift of the spectrum and an increase of the
cyclization efficiency.®>® The synthesis of diarylethenes has been explored relentlessly since its
discovery and, nowadays, the most popular approach to obtain dithienylperfluorocyclopentene
compounds is the mono- or bis-elimination reaction of a (perfluoro)cyclopentene with aryllithium
derivatives.* This method allows the formation of symmetrical or asymmetrical compounds in
accordance with the ratio of the cyclopentene used. This molecular switch can therefore be functionalized
in a variety of ways, facilitating its integration in any system, whether involving collective motion or not,
and many different applications have progressively been developed.’””® Dithienylethenes appear

91,92

particularly promising for the design of memory devices, of multi-responsive agents” and smart
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receptors,” and it has been coordinated to transition metals® and incorporated into various chemical
structures’® and self-assembled systems.”’

The photoreaction of fillgides was observed for the first time by Stobbe in 1907, but only accurately
characterized in 1968 by the team of Becker.”® Their structure is based on a succinic anhydride substituted
at positions 3 and 4 by two alkenyl groups (Figure le). In addition, in order to obtain a photochromic
molecule, it is essential that one of the methylene carbons bears an aryl moiety. Similarly to diarylethenes,
this switch can perform a thermally irreversible 6m-electrocyclization from the E-hexatriene structure to
the colored form.!° Most of the time, this photocyclization occurs under UV light and the reverse ring
opening reaction under visible light. It is important to note that the E-Z isomerization is a side-
photoreaction that leads to a decrease of the electrocyclization quantum yield. Numerous papers reported
on the influence of the steric hindrance over this isomerization, showing that bulkier substituents lower
the quantum yield of E-Z isomerization.'®'"'% The electronic nature of the substituents and their position
on the ring are also of importance. In the case of electron-donating groups, a strong bathochromic shift of
the closed-form absorption spectrum can be observed, along with an important reduction of the
electrocyclization and ring-opening quantum yields.!*!% In the case of electron-withdrawing groups,
hypsochromic shifts in the absorption spectra of the £ isomer and of the closed form are observed, together
with an increase of the ring-opening quantum yields.'® Nowadays, the most popular synthetic pathway
in order to access fulgides remains the Stobbe condensation.!”” Unfortunately, because of the anhydride
moiety, fulgides tend to react easily with nucleophilic species such as water, amines, and alcohols.
Moreover, the presence of a labile hydrogen (Figure 1e) in the closed isomer may lead to the formation
of a stable non-photochromic aryl ring.*® Even if it is possible to avoid this side reaction by replacing that
labile hydrogen with an alkyl moiety, this switch is not as fatigue-resistant as dithienylethenes, and its

applications have been therefore comparatively limited.'%
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Originally noticed in 1927 by Dickinson and Heilbron for their thermochromic properties,'®®
spiropyrans were only characterized as photoswitches in 1952 by Fischer and Hirshberg.!? Since then,
this family of compounds has been extensively studied and reviewed in a number of papers.'!*!!3 The
spiropyran structure is commonly considered as formed by a benzopyran moiety linked to an indoline part
by a spiro bond (Figure 1f). The UV photoirradiation of a spiropyran leads to the formation of its open-
ring isomer, also called merocyanine. The latter may undergo the reverse reaction thermally or through
the absorption of visible light. The specificity of this switch lies in the large variety of stimuli capable of
triggering and/or modulating its isomerization. For instance, spiropyran responds to mechanical force,!'*
to the nature of the solvent,'!>!16 and to the presence of ions in solution.!!” Moreover, this switch stands
out by the large difference of properties between its two isomers, may it be their charge, polarity,
absorption spectra, or solubility. The interconversion process is ruled by two competing mechanisms.!'!8
The first one is a heterolytic bond cleavage with the presence of a polar transition state. The charge
separation, between the indoline nitrogen and the benzopyran oxygen, is stabilized by polar solvent and
electron-withdrawing substituents, especially in the ortho and para positions relative to the chromene
phenolate. The second mechanism is similar to an electrocyclization and involves a less polar
intermediate, with the formation of a ketone, stabilized by non-polar solvents and electron-donating
substituents. Hitherto, the synthesis of spiropyrans has remained quite constant overtime.!! Indeed, the
main pathway consists in the condensation of a Fischer’s base with an o-hydroxy aromatic aldehyde in
ethanol. However, the downside of this approach is definitely the presence of undesired reactions, such
as the condensation of the obtained spiropyran with another Fischer’s base. Besides, this switch
unfortunately also stands out by its poor fatigue resistance under UV light, with two main
photodegradations pathways. The first one requires the presence of triplet oxygen which may irreversibly
oxidize the switch.'?® The second one involves a bimolecular mechanism with spiropyran units in their

triplet excited states, a detrimental situation that depends on the solvent polarity and on the concentration
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as merocyanines tend to easily aggregate. Thus, it has been attested that working under inert atmosphere,
along with immobilizing the switch on a surface, are favorable conditions to greatly limit those side

reactions'?!. Despite those downsides, spiropyrans have been integrated in many different systems,'!?

1111,122 123 124

such as meta and stress'!* sensors, polymer viscosity'?* or catalyst activity'?* photoregulators, and
in memory devices.!!’

The synthesis of spirooxazine was first reported by Fox in a patent of 1961.!% It is only in 1980 that
Hovey and Chu noticed the amazing fatigue resistance of this photoswitch.!?® Since then, spirooxazine
has been involved in many different patents mainly linked to its integration into chromophoric lenses and
sunglasses. So far, the number of academic papers related to this compound remains quite limited in
comparison to spiropyran, however some enlightening reviews have still been published on this
subject. 381013127 The spirooxazine structure is quite similar to the spiropyran one, the main difference
lying in the presence of a nitrogen atom replacing a carbon on the chromene moiety (Figure 1g). The UV
photoirradiation of the closed-ring isomer leads as well to the formation of a merocyanine including a
central Schiff base moiety, and the reverse reaction is also promoted by a thermal process or by visible
light. As for spiropyran, the mechanism of interconversion along with the ratio between the different
isomers are ruled by the solvent polarity as well as by the position and electronic nature of the
substituents.'?” Historically, the synthesis of spirooxazine was based on the approach used for the
formation of spiropyran.'?’ It required the coupling of an o-hydroxynitrosoaryl with an alkydiene
derivative. Unfortunately, the nitroso moiety is less reactive than the corresponding chromene and,
moreover, the intermediate formed is often sensitive to degradations. These difficulties are at the root of
the slow development of novel spirooxazine derivatives. Nowadays, optimized synthetic strategies have
been elaborated, such as, for instance, the use of toluene as solvent or the addition of a drying agent.!?®

The main quality of this photoswitch remains its remarkable resistance to photodegradation in comparison

to its spiropyran counterpart. Therefore, different systems have been elaborated to exploit this asset, and
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spirooxazines have been indeed implemented as photoresponsive ligands' ' and liquid crystals, '* or as
dyes in bioimaging.'?’

The above introduction on photoswitches will sustain the following discussions on their implementation
to produce collective motion of molecules and polymers in devices and materials. However, due to the
huge number of systems and applications developed so far, it is primordial to set some limits and to restrict
the scope of what will be presented in this review. Therefore, we will focus on 2D and 3D systems in
which the collective photoisomerizations of multiple molecular units lead to mechanical motion of much
larger amplitude than the molecular switch itself. As a result, changes of conformation of single
macromolecules, such as folding or helicity, will not be considered. Also, concerted changes of physical
properties, such as viscosity or phase transitions and photoalignments, will not be part of this paper unless
they involve the mechanical motion of connected ensembles of molecules. Furthermore, collective motion
which have been proved to be solely induced by photothermal effect will not be addressed. Indeed, this
approach relies on the phase transition at the surface of a liquid crystal by a local increase of temperature,
the presence of a photoswitching unit is thus not required, even if it can result in remarkable systems, like
the self-oscillating film developed by Meijer, Broer and coworkers.'** However, for the readers interested
by these different subjects, reviews already exist in the literature.'*!!3 Finally, the actuating materials
developed with mechanically-bonded molecules and incorporating photoswitches will be described in
Chapter 3.

Considering these constraints, the comprehensive overview of the remaining systems is divided into
four main sections. The first one discusses the motion of micro- or macroscopic objects driven by an
interfacial force, which is often caused by a gradient in the surface energy that results in the mechanical
motion of liquids, solids, and colloidal objects. The second part focuses on mechanical deformation of
bidimensional materials, either planar or spherical, and on their photomechanical motion. Finally, the

third part on tridimensional materials is divided in two sections: the first one discusses the manipulation
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of their surface topology, mainly with surface relief gratings (SRG), and the second one presents their
overall structure deformation. The various phenomena presented in the following paragraphs have already
been widely discussed since their discoveries, and some of the corresponding reviews will be indicated
for the readers who wish to go further into each topic.

2.2. Interface driven motion of liquids, solids and colloids

In the introduction to this chapter, we have seen that the cis isomer of azobenzene is more polar than its
trans form because of its twisted configuration. Also, whereas the closed spiropyran isomer is neutral, its
opened merocyanine form is charged, and thus more polar. Therefore, the isomerization of these
photoswitches can in principle modify the polarity of materials in which they are integrated. In particular,
with a careful design of such systems, one can build a surface energy gradient driving the macroscopic
motion of an object in contact with its interface. The following paragraphs present materials in which
such motions have been achieved. We will first consider the examples of liquid photoactuation, we will
then turn to solid photoactuation, and we will finish with systems where the motion of colloidal particles

and micromotors has been demonstrated.

2.2.1. Photodriven actuation of liquids

In microfluidic systems, surface energies have a great impact on the motion of liquids. Hence, a remote
control of the interfacial properties is of prime interest for the successful application of microfluidic

devices.!** The basic principle of the motion of liquids on solid surfaces relies on the wettability switching

of the substrate. This phenomenon has been widely investigated and reviewed with photoswitches.!3>~140

The preparation of the solid substrates can for instance involve the grafting of photochromic molecules

) 141,142
b

directly onto its surface via a siloxane spacer (Figure 2a or it can be coated with a photoactive

polymer (Figure 2b).!36:143
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Figure 2: Examples of methods for the functionalization of solid substrates with photochromic molecules.
(a) Chemical structure of an azobenzene derivative grafted on the surface via a siloxane spacer, and
corresponding isomerization process upon light irradiation.!*! (b) Chemical structure of a spiropyran
derivative attached to the surface via a polymer backbone, and corresponding isomerization process upon

light irradiation. '

The most commonly used chromophores in such systems are based on azobenzenes, but some examples

144145 or diarylethene!*® derivatives. One should mention that the mechanism of

incorporate spiropyran
wettability switching for the diarylethene-based systems is slightly particular: the light irradiation and
subsequent isomerization induces the crystallization of the molecule, and it is that resulting morphological
change of the surface which modifies its wettability.'*® One should also note that it is possible to enhance
the functional efficiency of a switch by structuring the surface!#” and taking advantage of the Lotus

t,148

effec or by incorporating hydrophobic moieties in its chemical structure (typically with
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fluorination).!* When the wettability change is modulated in space, so that a surface energy gradient is
built, it may cause the motion of a droplet at the surface.!>° The most famous system for this purpose has
been proposed in 2000 by Ichimura and coworkers.!""!52 The authors designed a calix[4]resorcinarene
bearing four pendant azobenzene derivatives (Figure 3a). By immersing an aminosilylated glass substrate
into a solution of this photoactive compound, they obtained the corresponding responsive surface. The
photoinduced motion of several liquids was investigated. Figure 3b shows the result for an olive oil droplet
placed on the substrate. First, the surface is enriched in cis isomers under UV illumination (A = 365 nm)
with hidden carboxylic acid moieties, leading to the spreading of the droplet due to the higher surface
energy (Figure 3b, (i)). The surface energy gradient was achieved by irradiating the liquid with the edge
of a blue light beam (A = 436 nm), isomerizing the azobenzene back to its frans form, exposing carboxylic
acids at the surface and causing the droplet to move towards the area with the highest surface energy (i.e.
towards the cis-rich areas) (Figure 3b, (ii)). Because the beam can be displaced along with the movement,
there is intrinsically no limitation to the distance that the droplet can travel. The motion can be stopped
by homogeneous illumination of the surface with blue light, forming the trans isomers back on all the
surface (Figure 3b, (ii1)). The authors further showed that the process is fully reversible by simply
repeating this procedure and by adjusting the position of the light beam (Figure 3b, (iv)).'*! The typical

speed achieved was in the order of 35 um.s™.
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Figure 3: Photoinduced liquid actuation on a solid substrate. (a) Chemical structure of the tetra-
azobenzene calix[4]arene derivative used for the functionalization of the surface. (b) Procedure for the
photocontrolled motion of an olive oil droplet and the corresponding optical microscopy images, with
first a homogeneous illumination with UV light (A = 365 nm) to have the cis isomer all over the surface
(i), followed by asymmetric irradiation with the edge of a blue light beam (A = 436 nm) inducing the
motion of the droplet towards the cis- rich area of higher surface energy (ii). The motion is stopped by
homogeneous irradiation with blue light (iii) and the process is fully reversible by adjusting the direction
of the UV illumination (iv). Part (b) is adapted with permission from reference '°!, Copyright 2000,

American Association for the Advancement of Science.

The same motion was achieved for other liquids, such as the liquid crystalline compounds NPC-02
(mixture of two alkoxyphenylcyclohexane derivatives) and 4-cyano-4’-pentylbiphenyl (5CB), 1-
methylnaphtalene, and 1,1,2,2-tetrachloroethane. However, no motion was observed with water,
formamide, ethylene glycol, and a low molecular weight poly(ethylene glycol). Since the motion of a
liquid on a solid substrate is controlled by the contact angle hysteresis, that is, the difference between the
advancing contact angle 8.4y and the receding contact angle 6. on a tilted surface, the authors investigated
this phenomenon for the considered liquids on #rans- and cis-rich surfaces (Table 1). They concluded that
a motion can be achieved if the receding contact angle on the frans-surface is larger than the advancing
contact angle on the cis-surface.!>? This requirement was further confirmed by the work of Picraux et
al.'*! This behavior is theoretically possible for any system containing stimuli-responsive molecules
switching their polarity, and has been, for instance, also achieved with rotaxanes (see Section 3.2.2) and

overcrowded alkenes (see Section 4.3.2).

24



Table 1: Contact angles (°) measured for various liquids on a surface functionalized with azobenzene.'>?

trans-rich  cis- rich

eadv erec eadv erec

No motion

Water 94 40 86 51
Formamide 68 17 62 19
Ethylene glycol 61 36 56 39
Poly(ethylene glycol) 42 37 38 31
My = 400 g.mol!

Motion

l-methylnaphtalene 26 24 20 18

(liiclzl,lzlz)zr_oethane 18 16 12 11
5CB 43 37 22 19
NPC-02 28 24 11 10
Olive oil 29 25 17 13

Garcia and coworkers developed the functionalization of a glass substrate with spiropyrans for the
photoactuation of liquids (Figure 4a).!>* For the photoswitch to have enough free volume to isomerize
under illumination, the authors decreased its surface density by first coating the glass with ¢
butyldiphenylmethylsilane. They subsequently introduced a spiropyran derivative bearing an
aminosilylated linker (Figure 4a). This procedure was applied to a capillary tube and the authors observed
that upon irradiation with UV light (A = 366 nm), the water level in the tube rose of 2—-3 mm after 300—
1500 s. They described this phenomenon as a “photocapillary” effect and suggested that the extent of

motion could be larger with a capillary tube of a smaller diameter.!>3
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Figure 4: Spiropyran-based examples of liquid photoactuation. (a) Representative chemical structure of
the substrate used in reference 153 with the spiropyran in red, the silylated spacer in blue, and the #-
butyldiphenylsilyl used to « dilute » the surface in green. (b) Optical microphotographs of the motion of
"liquid filaments" in the grooves of the photoactive material that have been irradiated with UV light (A =
365 nm); (i-iii) localization of the irradiation. (c) Snapshots of the photoactuation in a capillary tube of a
solution containing an azobenzene surfactant upon UV irradiation (A = 365 nm). Parts (b) and (c) are
adapted with permission from references '**, Copyright 2012 American Chemical Society, and ',

Copyright 2017 Springer Nature, respectively.

More recently, Monobe et al. described a system for the manipulation of “liquid filaments” (LF).!>*
Microwrinkles were prepared on a polyimide film by applying a strain to the material during the curing
step, and an azobenzene-containing polymer was subsequently coated on the substrate. Upon UV
irradiation (A =365 nm), the LF wet the material only within the grooves (hence the term “liquid
filament”) of the isomerized area (Figure 4b). Interestingly, photoactuation of liquids on a glass substrate
was also observed with the photochromic molecule in solution instead of being at the surface. Hence,
Motosuke et al. described the motion of an aqueous solution of an azobenzene surfactant in a capillary

tube upon UV irradiation (Figure 4c).'>
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Let’s now consider examples in which the controlled motion of a liquid is achieved on a liquid surface.
Baigl and coworkers engineered a system to optically trap a droplet of oleic acid at the surface of a solution
containing an azobenzene surfactant.!>® They first demonstrated that, upon irradiation with appropriate
wavelengths, the droplet was moving from areas with a high surface energy (i.e. cis-rich areas) towards
areas with a low surface energy (i.e. trans-rich areas). Hence, they developed an optical device where a
localized spot is irradiated with blue light (A = 435 nm) circled by a circular irradiation with UV light (A
= 365 nm), creating an optical trap for the oil droplet (Figure 5a). They named this phenomenon as the
“chromocapillary effect” and they succeeded in “drawing” several patterns by moving the Petri dish
containing the solution (Figure 5b and 5c) with a maximal speed of approximately 400 pm.s™.
Independently, Okano, Yamashita et al. described the expansion and the contraction of a liquid crystalline

droplet of an azobenzene derivative on a water surface upon irradiation.'>’
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Figure 5: The “chromocapillary effect”. (a) Experimental setup for the trapping of an oil droplet on the
surface of an azosurfactant solution. (b) Example of the controlled motion of the droplet, with a drawing
of'a heart. The picture has been built by the overlap of snapshots from a video. (¢) Corresponding positions
of the droplet in the (x,y) plane as a function of time, represented here with the color going from red to

blue. Adapted with permission from reference >, Copyright 2009 John Wiley and Sons.

27



An interesting device where the liquid motion is no longer caused by a surface energy gradient, but
instead driven by osmotic pressure, has been designed by Masiero et al.!>® They described a system based
on an azobenzene derivative capable of supramolecular aggregation in its ¢rans form by intermolecular
H-bonds (Figure 6a). When dissolved in acetone, the trans isomers exist as oligomers of H-bonded
molecules that can further grow to lead to insoluble aggregates; conversely, the cis isomer forms only
intramolecular H-bonds and is soluble. The two compartments of an osmotic cell were filled with this

solution (Figure 6b, (1)).

(a) Ar,
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Figure 6: Liquid photoactuation driven by osmotic pressure. (a) Chemical structure of the azobenzene
derivative and equilibrium between the cis isomer, with intramolecular H-bonding, and the #rans isomer
forming a supramolecular aggregate. (b) Snapshots of the osmotic cell containing the photoactive
solution: (i) at the initial state, (ii) after irradiation of the left compartment with UV light (A = 365 nm)

(trans — cis) and the right compartment with visible light (A = 436 nm) (cis — trans), causing the level

28



to rise in the left compartment, and (iii) the opposite process. Part (b) is adapted with permission from

reference !°%, Copyright 2008 John Wiley and Sons.

The irradiation with UV light (A =365 nm) of the left compartment causes the trans—cis isomerization,
and thus the disaggregation and dissolution of the azobenzene molecules which increase their effective
concentration. The irradiation with visible light (A =435 nm) of the right compartment enforces
cis—trans isomerization and decreases the effective concentration in photoswitch. Overall, the opposite
photoisomerization processes on each side lead to an osmotic pressure-driven liquid motion from the right
compartment to the left compartment (Figure 6b, (ii)). By reversing the UV and visible irradiations on
each side, the opposite flow can occur (Figure 6b, (iii)).'*8

Finally, motion of a liquid marble has also been achieved. Liquid marbles consist of aqueous droplets
coated by a hydrophobic powder, and the interest for these objects is raising in fields such as

microfluidics, !>’

mainly because they can move with very low friction forces and they do not leave liquid
residues on their path. Baigl and coworkers deposited such a liquid marble — consisting of a water droplet
coated with silica nanoparticles — on an azobenzene/surfactant solution (Figure 7a).'** Upon irradiation
with UV light (A = 365 nm), they observed the motion of the object, either away or towards the beam,
depending on the thickness of the underlying solution. Below a critical thickness H* (2 mm in their case),

the Marangoni flow!'®!

caused by the formation of the cis isomer at the point irradiated by UV light
deforms the surface, and the liquid marble then moves away from the light beam (Figure 7b, (i)). Above

H', however, the surface deformation becomes negligible. The motion of the liquid marble is then

governed by the Marangoni flow at the interface, and the object moves towards the light beam (Figure 7b,

(ll)) 160
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Figure 7: Photoactuation of a liquid marble on the surface of an azobenzene-based surfactant solution.
(a) Chemical structure of the azobenzene derivative used as surfactant. (b) Proposed mechanism for the
motion of the liquid marble at the surface. In both case, irradiation of the solution causes a Marangoni
flow at the interface. Below a critical thickness H™, this flow deforms the surface and the liquid marble
moves away from the light source (7). Above H", the surface deformation is negligible and the liquid
marble moves in the same direction as the liquid flow, that is, towards the light beam (ii). Part (b) is

adapted with permission from reference '°°, Copyright 2016 John Wiley and Sons.
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2.2.2. Motion of solid objects on liquid surfaces

The motion of microscopic solids has been achieved on azobenzene doped polymer films'®? or azo-
doped liquid crystalline (LC) films.'®*"!% For instance, Kurihara and coworkers prepared a chiral
azobenzene derivative by grafting a L- or D-menthol group to the photoswitch. They used it (along with
another chiral mesogenic compound) to prepare a cholesteric LC phase (Figure 8a), whose pitch is
determined by the helical twisting power (HTP) of the dopant.!®® They first demonstrated that the helical
twisting power (HTP) of the chiral azobenzene changed upon UV or visible light irradiation (Table 2),

with the D-isomer and Z-isomer showing right- and left-handed helical structures, respectively.
(a) (i) (ii) (iii)

CsH13O—ON\ o} CeH13O—QN\ o} s o}
N 5

(c)

Figure 8: Pictures of the rotational motion of a glass microrod on a azodoped LC film observed by optical
microscopy. (a) Chemical structure of mesogenic dopants: (i) is D-azomenth, (ii) is L-azomenth, and (iii)
is a non-photochromic mesogenic chiral dopant, either R- or S-811. (b) Snapshots of the clockwise rotation
of glass microrods on an D-azomenth-doped LC film upon irradiation with UV light (A = 365 nm). (c)

Reverse motion upon irradiation with visible light (A = 436 nm). In both cases, note the
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disappearance/appearance of the cholesteric texture as a function of irradiation time. Parts (b) and (c) are

adapted with permission from reference '°6, Copyright 2010 John Wiley and Sons.

Table 2: Helical Twisting Powers (HTP) of chiral azobenzene compounds in an E44 LC phase.!®¢

HTP
(x 108 m'.mol'.g"! E44
g

Before UV After UV
(trans) (cis)
D-azomenthol 49.4 10.4
L-azomenthol 49 10.8

A rubbed polyimide substrate was then coated with the LC mixture and glass microrods were dispersed
on the surface in an attempt to observe the same phenomenon that was reported earlier by Feringa and
coworkers with molecular motors based on overcrowded alkenes (see section 4.3.3).1®” When illuminated
with UV light (A = 365 nm), the rods rotated clockwise or counterclockwise when doped with the D- or
L-isomer, respectively; the opposite motion took place upon irradiation with visible light (A = 436 nm)
(Figure 8b and 8c). As expected, the cholesteric texture disappeared during UV irradiation, and reappeared
when the isomerization to the trans form took place. The authors went one step further by preparing a
compensated nematic LC phase, that is by mixing the frans-azomenthol derivative and the non-
photochromic chiral compound (with an opposite twisting power) in such proportions that their HTP
compensate, so that a nematic phase instead of a cholesteric phase is formed. In this case, upon irradiation
with UV light, the HTP are not balanced anymore and the apparition of the cholesteric phase comes along
with the rotation of the glass microrods. Finally, they succeeded to linearly move the microrods in by
irradiating with blue light (A = 488 nm) where both trans and cis isomers absorb, and with the glass pieces

moving away from the irradiation area.'¢
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It has also been demonstrated that the motion of microscopic solid objects can take place on the surface
of an aqueous solution containing an azo-surfactant.'®®!% Varanakkottu, Hardt, and coworkers developed
an optical system where the surface of the solution can be irradiated with several light beams, hence

addressing several particles at the same time (Figure 9a).
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Figure 9: The “Light-Actuated Marangoni Flow” (LAMF). (a) Scheme of the Marangoni flow induced
towards the irradiated spot of the surface, trapping a particle. (b) Scheme of the motion of microparticles
towards the irradiated areas. (c) Snapshots of the motion of polystyrene microspheres (black dots) towards
the irradiated spot with blue light (A = 442 nm) (bright dots). Adapted with permission from reference '¢°,

Copyright 2018 American Chemical Society.

The solution is prepared by dissolving an azo-surfactant at a concentration above its critical micellar
concentration (CMC) so that the isomers fully occupy the air/water interface. Upon irradiation with blue
light (A = 442 nm) the trans—cis isomerization takes place on the spot, leading to an increase of the
surface tension of approximately 10 mN.m™!, and hence, a Marangoni flow!®! takes place from the low
surface tension area towards the high surface tension area, that is towards the irradiated spot (Figure 9b).

Polystyrene microspheres at the interface then move towards the laser beam (Figure 9c¢).
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In another type of approach, Norikane et al.!’

prepared a photoswitchable crystal of trans-4-
methoxyazobenzene (Figure 10a) that was placed at the water surface, and they observed a motion of the
material away from the UV light beam (A = 365 nm) (Figure 10b). Supported by the observation that the
crystal and the solution change color upon irradiation, they proposed that during ¢trans—cis isomerization
the more polar cis isomer dissolves in water, thereby creating a self-propelling motion caused by the local

change in surface energy. Based on the same principle, a filter paper was soaked in a ¢rans isomer solution

to prepare a photoactive “boat”, and the same dissolution-induced motion was observed upon UV

0

irradiation.'”
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Figure 10: Motion of an azobenzene crystal on a water surface. (a) (i) Chemical structure of 4-
methoxyazobenzene, and snapshots of the corresponding compounds before (ii) and after (iii) UV
irradiation (A = 365 nm). The scale bars are 5 mm. (b) Motion of the crystal upon UV irradiation (A = 365
nm), caused by the dissolution of the cis isomer (i, i7) and the resulting trajectory of the solid (iii), where
the numbers correspond to the distance from the initial position (mm) and crossbars indicate the position
at every second. Adapted with permission from reference '"°, Copyright 2016 The Royal Society of

Chemistry.

2.2.3. Motion of colloidal particles and micromotors

The controlled and autonomous motion of colloidal particles and micromotors has been widely studied

and reviewed,!”""!7* with the development of drug delivery systems for biomedical applications,!”> and
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pollutants capture devices for environmental treatment.!'’® In the case of photoactive systems, the

177-179 t 180
9

photochromic molecules can be dissolved either in the solution, in the colloidal droplet, *” or used
as a surfactant at the interface.'®! The motion of nanoparticles can also be controlled when functionalized
with photoswitches,'®? and there are several examples where the motion is achieved in a liquid crystalline
phase, 183185

Liu and coworkers designed a hyperbranched polymer containing spiropyran moieties that aggregate in
water to form colloidal microparticles (Figure 11a).'%¢ When suspended in a H,O/DMSO mixture, the
microspheres move straight towards the center of the spot irradiated with UV light (A = 365 nm) (Figure
11b), and the authors observed that, at the end of the horizontal motion, the particles moved vertically in
the direction of the light source. They explained the motion by a surface tension gradient built by the

illumination gradient (causing the opening of the spiropyran molecule to its merocyanine form), itself

caused by the optical properties of the microparticles. !
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Figure 11: Motion of colloidal particles driven by UV light. (a) Structure of the hyperbranched polymer
used in reference '* to form the microparticles; the spiropyran moieties are colored in blue. (b) (i) Motion
of the microparticles towards the center of the UV irradiation (A = 365 nm), and (ii) disturbance of the
motion by a vortex. The images were made by superimposing 20 consecutive snapshots of the video
(interval of 1 s) captured by fluorescence microscopy. The particles have an average diameter of
approximately 2 pm. Part (b) is adapted with permission from reference '8, Copyright 2016 John Wiley

and Sons.

Another example of a spiropyran-based system has been published by Benito-Lopez, Diamond, and
coworkers.!”® By mixing a chromoionophore (CI) with 2-hexyldecanoic acid (DA), an acid-base

equilibrium takes place, and their charged forms (Figure 12a) can act as surfactants for the formation of
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dichloromethane microdroplets in an aqueous solution. This solution contains a merocyanine-sulfonic
acid derivative in an acid-base equilibrium, reaching a pH around 5 (Figure 12b). Upon irradiation with
white light, the photochromic molecule isomerizes back to its spiropyran form, liberating protons and
reaching a pH close to 3.4. At this pH, 2-hexyldecanoate gets protonated, and therefore breaks its assembly
with the charged chromoionophore (CI-H"), which is released in solution. This chemical process results

in a local decrease of the surface tension with the droplet moving away from the white light (Figure 12c¢).
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Figure 12: Motion of colloidal particles driven by the acido-basic equilibrium of a spiropyran-sulfonic
acid. (a) Chemical structure of the protonated chromoionophore (CI-H") and 2-hexyldecanoate (DA") used
as surfactants to form the dichloromethane microdroplets in water. (b) When dissolved in water, SP-SOsH
opens to its merocyanine form and an acid-base equilibrium takes place in the solution between MCH"-
SO3™ (yellow, Amax =408 nm) and MC-SO3™ (red, Amax = 508 nm), reaching pH = 5. Upon irradiation with
white light, the merocyanine form closes back to a colorless spiropyran form SP-SO3°, generating even
more protons (pH = 3.4). (c¢) Motion of DCM droplets (circled in red) upon irradiation with white light.

Part (c) is adapted with permission from reference !’8, Copyright 2014 John Wiley and Sons.
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Smalyukh et al. recently reported the out-of-equilibrium rotational motion of silica microplatelets
coated with azobenzene monolayers when immersed in a nematic liquid-crystalline phase and irradiated
with linearly polarized blue light.!8” As it will be explained in more details in Section 2.4.1, azobenzene
molecules tend to orient parallel to the polarization direction of the incoming light beam. Also, due to
surface anchoring conditions, the orientation of the photochromic moieties imparts directly the orientation
of the liquid crystalline phase close to the surface of the microplatelet, which in turn rotates locally the
light polarization direction and, hence, reorients the azobenzene monolayer again (Figure 13). This

feedback mechanism coupled with the torque associated with the LC phase deformation drives the

continuous rotational motion of the silica microplatelets in suspension.
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Figure 13: Schematic representation of the mechanism of rotation of silica microplatelets coated with
azobenzene moieties. Pe represents the direction of polarization of the beam. n0 represents the main
director of the LC phase. The mesogens are represented by green rods and the azobenzene moieties by
red rods. The yellow arrow represents the rotational motion of the silica platelet in blue. Upon irradiation,

the azobenzene molecules orient perpendicularly to the polarization direction of the light, inducing a
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reorientation of the LC phase near the surface, which in turn locally deviates the polarization direction of
the light beam. This feedback mechanism induces the continuous rotation of the platelet. Reproduced with

permission from reference '¥7, Copyright 2018 Springer Nature.

Although all the above examples demonstrate remote control of the actuation of liquids and solid
microobjects, their functioning principles do not allow to alter the shape of solid materials. In the
upcoming section, we will discuss examples of photomechanical deformations, starting with

bidimensional materials.

2.3. Photomechanical deformation of mono- and bilayers

Early examples of mechanical effects in bidimensional photoactive materials were observed by surface
pressure-area isotherms of Langmuir-Blodgett films or by nanometric expansion of these films transferred
onto a mica surface.'® In this section, we will focus on such systems where mechanical deformation of
micro- or macroscopic objects has been observed.

Concerning planar materials, the first direct observation of photomechanical deformation of a
bidimensional film was done by Brewster Angle Microscopy (BAM).!8 ! Seki, Ichimura, and
coworkers designed an experimental setup to allow simultaneous irradiation with UV light and
observation through the BAM objective (Figure 14a). After 700 s of illumination, the monolayer of an

azopolymer formed at the air-water interface spread to approximately three times its initial area.
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Figure 14: Photomechanical effects in planar bidimensional assemblies. (a) (i) Scheme of the
experimental setup used in reference '°! to observe the mechanical deformation of a azobenzene-
containing Langmuir film. Microscopy images of the Langmuir film (ii) before and (ii7) after 500 s of UV
irradiation (A = 365 nm). The diameter of the microscope field was 0.6 mm. (b) (i) Spiropyran-
functionalized cantilever prepared via a self-assembled monolayer to measure the stress generated by the
isomerization. (ii) Experimental setup used for the detection of the deflection (PSD = single position
sensitive optical detector), (iii) Evolution of the deflection (nm) of the four functionalized cantilevers
under UV irradiation (A = 365 nm). (c) (/) Schematic representation of the structure of a sandwiched
bilayer (H1) or monolayer (H2) of azobenzene derivatives between two polysiloxanes networks,
depending on if the photochrome bears two or one spacer, respectively. When a mixture of the two
azobenzene derivatives is prepared, a free-standing film is obtained, which bends upon irradiation (A =
365 nm). (i7) Initial state, (ii7) after irradiation from the top side and (iv) recovery of the initial shape. The

sample dimension is approximately 4 mm x 20 mm X 10 pum. Part (a), (b) and (c) are adapted with
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permission from references '°! Copyright 1998 American Chemical Society, '°> Copyright 2016 Elsevier,

and '”* Copyright 2015 American Chemical Society, respectively.

The photomechanical deformation of monolayers has also been shown by functionalizing
microcantilevers and measuring their deflection upon irradiation.!*>!** For instance, Florea, Raiteri, and
coworkers!'®? functionalized an array of cantilevers with a self-assembled monolayer of silylated amines,
followed by the reaction with a spiropyran derivative, so that one side of the cantilever is covered by
photochromic molecules (Figure 14b, (i)). They measured the deflection of the cantilever upon UV
irradiation (A = 365 nm) via the reflection of a laser beam on the material (Figure 14b, (ii) and (iii)), and
they calculated the corresponding force for such motion. They found that the stress generated by an 8 nm
thick monolayer of spiropyran was equal to 446 N.m.

In another example, Shimojima and coworkers reported a composite composed of an azobenzene mono-
or bilayer sandwiched between two polysiloxane networks (Figure 14c, (i)).!> When a mixture of these
two azobenzene derivatives (bearing either one or two spacer groups) is prepared, a free-standing film is
obtained and it can bend upon irradiation (A = 365 nm) (Figure 14c, (ii)-(iv)). Other lamellar composites
had already been reported with clay,!®>!® but no free-standing films were obtained and the amplitude of
motion was several scales lower.

Micrometric vesicles may also be formed with bilayers. One of the main applications of photosensitive
vesicles is their controlled assembly/disassembly for drug delivery applications.'®” Since it resembles a
phase transition, however, we will focus here only on their mechanical deformation, and that is when the
object is not destroyed. Along the same line, and in order to stay in the scope of this chapter, we will not
discuss the deformation of nanometric objects such as found in many interesting papers of the
literature.!*®!%? There are, however, few examples where the distortion of vesicles has been observed due

to the isomerization of photochromic molecules.?**>> A common example of photoinduced deformation
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is the shrinking/swelling behavior of these objects upon irradiation.?’*2% For instance, Zhang and
coworkers synthesized a block copolymer comprising poly(N-isopropylacrylamide) (pNIPAAm) and
poly(6-[4-(4-pyridyazo)phenoxy] hexylmethacrylate) (pAzPy) that self-assembled into vesicles in a

THF/water mixture (Figure 15a).2%
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Figure 15: Swelling/shrinking behaviour in vesicles. (a) Self-assembly of poly-(N-isopropylacrylamide)-
block-(6-[4-(4-pyridyazo)phenoxy] hexylmethacrylate) (pNIPAAm-H-PAzPy) in a THF/water mixture.
(b) Evolution of the diameter of the vesicle upon alternative UV (A = 365 nm) and visible (A = 436 nm)
light irradiation. The insets are images obtained by optical microscopy. Parts (b) and (c) are adapted with

permission from reference 2%, Copyright 2008 John Wiley and Sons.

Upon alternative irradiation with UV (A =365 nm) and visible light (A = 436 nm), the diameter changed
from approximately 7.85 um to approximately 8.15 um, respectively, corresponding to a volume change

of 17 % (Figure 15b). Interestingly, this change in size of the 3D object results from the 2D motion of the
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bilayer. However, the examples of photomechanical deformation of bidimensional materials are still
relatively scarce. Indeed, the focus of the research on the deformation of photoactive objects has been, up
to now, mainly towards the tridimensional materials. These systems are addressed in the following
sections, starting with the examples where light has been used to manipulate the surface topology of the

materials.

2.4. Photomechanical deformation of the surface topology in tridimensional materials
2.4.1. Surface relief grafting

The first examples of surface relief grating (SRG) were independently reported in 1995 by Rochon,
Batalla, and Natansohn on the one hand,?” and by Tripathy and coworkers on the other hand,?!*?!! during
their investigation for the holographic inscription in azomaterials. Since then, numerous papers have been
published in order to enhance the SRG inscription, to understand their mechanism of formation, and to
find innovative applications of these patterned materials. We do not aim here to detail every aspect of the
SRG principles and other reviews deal more precisely with this field of research.?'?!* We wish, however,
to provide a comprehensive overview of what has been done, and we will focus on original applications
explored with these objects. One fundamental principle to understand the formation of SRG is the
photoalignment process of azobenzene derivatives. Upon irradiation with polarized light of an appropriate
wavelength, only molecules having a component of their dipole moment parallel to the polarization
direction of the light undergo isomerization. This process slightly reorients the molecule and, for those
aligning in the perpendicular direction of the incoming beam, the photoswitch will not isomerize (and
reorient) anymore. Consequently, over time, the material will enrich in azobenzene derivatives aligned
perpendicularly to the polarization of the incoming light beam (Figure 16a). The resulting material
therefore present a higher birefringence, a property of interest to implement azopolymers in the field of

optical data storage.?'”
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Figure 16: (a) Mechanism for the alignment process of azobenzene molecules in a polarized light field.
The arrow on the left represents the direction of polarization. Only the azobenzene molecules having a
component of their dipole moment parallel to the field can isomerize. The likelihood of isomerization is
represented by the color: the darkest color (brown) represents molecules that have a high probability to
isomerize, while the lightest color (white) represents the molecules that cannot isomerize, and, hence, will
not change their orientation anymore. This process, over time, enriches the material in azobenzene
molecules oriented perpendicularly to the light polarization (from left to right). (b) Examples of
experimental setups for the inscription of SRG with interfering light beams, with an incident angle 0. (i)
Lloyd’s mirror. (i) Experimental setup for simultaneous irradiation and AFM measurement. FL: focusing
lens; PH: pinhole; CL: collimating lens; a and b: half wave plates; ¢ and d: either half wave or quarter
wave plates and/or their combinations. P1 and P2: polarizers; AFM: atomic force microscope; S: computer
controlled beam shutter; M1 to MS: mirrors; BS: 50/50 beam splitter; I1 and 12: intensity of the beams.

(c) Example of SRG measured by AFM. Parts (b) (i) and (ii) are adapted with permission from reference
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21 Copyright 1998 American Chemical Society, and reference 2!¢ Copyright 2016 The Royal Society of
Chemistry, respectively. Part (c) is adapted with permission from reference 2!”, Copyright 2015 Centre

National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry.

Different experimental setups have been designed for the effective inscription of the gratings (Figure
16b). Upon irradiation with an interfering light beam, crests and troughs are formed at the material surface,
forming a tridimensional periodic structure. Typically, SRG have a period in the range of micrometers,
and a modulation depth of a few hundreds of nanometers, meaning that the motion takes place at a scale
several orders of magnitude higher than that of the photochromic molecule alone (Figure 16c). The grating
spacing Ag can be modulated by tuning the incident angle 0 of the interfering beams at a wavelength A,

following the equation:!!

Ag =2sing (1)

Even if SRG are widely explored in the literature, the mechanism of their formation is still under
debate.?!%?18-27¢ Briefly, two main ideas are usually opposed: i) the photofluidization concept, and ii) the
alignment effect. For the former, it is suggested that the continuous trans—-cis and cis—trans
isomerization processes soften the polymer matrix around the photochromic molecules, like a thermal
fluidization. Because the material is not homogeneously irradiated due to the interference pattern, the
interaction between “fluidized” areas and non-illuminated areas results in the formation of gratings.
Differently, the alignment effect suggests that, during the orientation of the photochromic molecules under
polarized illumination, a stress occurs between the non-irradiated areas and the irradiated areas, with a
resulting force important enough to cause the deformation of the material. A recent paper by Hurduc (for
the photofluidization effect) and Santer (for the optomechanical stress effect)?'® details experiments
favoring one effect over the other, and presenting common conclusions. Both agreed that the necessary

condition to observe SRG is to have an optomechanical stress in the material, but the resulting motion can
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then be seen either as a flow or as a mechanical deformation. Interestingly, Santer and coworkers reported
the formation of cracks on a metallic layer coated on an azopolymer during the inscription of SRG, indeed
supporting a mechanism with a built-up stress in the material.>”” More recent studies proposed a

8

mechanism based on the Marangoni flow,?’® or on an optical tweezing effect.?!® To complement the

studies about the mechanism, several papers have focused on the formation and relaxation kinetics of
SRG .279:280

Regardless of its mechanism of action, the inscription of SRG needs an interference pattern, either in
intensity (IIP) or in polarity (PIP), and some comparative studies between both methods have been
conducted.?®!"2% Numerous studies have been conducted to tune irradiation patterns and the most usual

ones are summarized in Table 3.

Table 3: Usual interference patterns used for the inscription of SRG. RCP and LCP stand for right-handed

and left-handed circularly polarized light, respectively.
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It is possible to inscribe SRG by using interfering beams at different wavelengths,?**2% by adding
“assisting beams” to increase the isomerization rate,”®**° by using more than two interfering beams,"
and even when incoherent light is used.?’>?*> Some examples used pulsed irradiation.?**3% The
interference can also be achieved when light is irradiated through a photomask.3%% Half-grating spacing
has also been achieved by Miniewicz and coworkers®”” when they used an s-/p- interference pattern that
they attributed to the interference between the zeroth- and first-order scattered beams. Interestingly,
elliptic interference patterns can be used to fabricate asymmetric SRG.3®3!2 For instance, Kawatsuki et
al’'"" experimented a variety of polarization interference patterns, and they observed the formation of

blazed SRG when two orthogonal elliptically polarized light beams where used (Figure 17a).
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Figure 17: (a) Formation of asymmetric SRG by irradiation with elliptic light beams (A = 325 nm). The
top part shows the polarization of the interfering beams, with below the corresponding height profiles of
the SRG. (b) Chemical structure of the epoxy azopolymer used to form 10-fold quasi-crystal SRG by
successive inscription/rotation of the sample, as observed by AFM. Parts (a) and (b) are adapted with

permission from reference *'° and reference *!°, Copyright 2015 Optical Society of America, respectively.

Nunzi and coworkers generated SRG with a single beam via a water droplet, suggesting that the
interference pattern is created with the different refraction and reflection angles generated at the air/water
interface.'* Peretti and coworkers alternatively switched the polarization interference pattern (between s-

and p-polarization) during an AFM measurement of SRG growth, and observed that the migration is
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directional for their system, that is, either away or towards the irradiated area for p-interference and s-
interference, respectively.>!> Gritsai, Stumpe, and coworkers designed a system where several layers
inscribed with SRG can be superimposed, with a passive layer in between, in order to obtain a
tridimensional material that could be of use in the domain of photonics.’!® Lee, Park and coworkers
investigated the “field gradient effect”,>!” i.e. the fact that the deformation cannot take place after a certain
depth of material due to its inherent absorption.

Multidimensional gratings can be obtained by rotating the sample holder after successive
unidimensional SRG inscription. For instance, Wang and coworkers investigated this phenomenon to
create quasi-crystal structures on a surface.’'**!® These structures have a rotational symmetry and
aperiodic long-range order, and they are useful for photonic applications for instance.’!* Their latest
example considers the SRG on an epoxy polymer with an azobenzene derivative (Figure 17b). 2n-fold
quasi-crystal SRG are fabricated with an LCP/RCP interference pattern, followed by a rotation of m/n,
these two steps being repeated n times; the authors succeeded in preparing a quasi-crystal structure from
6- to 72-fold symmetry with this procedure (Figure 17b).

The erasure of SRG most commonly takes place when the sample is either heated above its glass
transition temperature (Tg) or under the illumination of a homogeneous circularly polarized light beam.
Several studies have been devoted to the improvement of the erasing procedure efficiency.>'3?! Recently,
Lee, Cho, and coworkers reported that after the erasure of a damaged SRG with circularly polarized light,
and reinscription of the initial gratings with an interfering light beam, the triboelectric nanogenerator

prepared could recover its initial efficiency.**? In addition, hierarchical secondary gratings can be obtained

311,323 324,325

by using an adequate polarization interference pattern, using masks or by the creeping of
previously formed domes induced during the SRG formation.>?® Lee, Cho, and coworkers reported the

fabrication of a bioinspired hierarchical surface by inscribing SRG on a prepatterned wavy surface.>?’
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Importantly, we stated earlier the relation between the grating spacing and the wavelength of the light
used for the inscription (Eq. 1), so as the spatial periodicity is inherently limited by the diffraction limit.
Nevertheless some studies demonstrated that it is possible to prepare smaller gratings by using plasmonic

waves 2332 or evanescent waves.

333,334
Having highlighted that SRG can come in almost all shapes and sizes, we continue hereafter by making
a list of the wide variety of polymeric backbones that have been used over the years to create them. The

279.335367 egpecially the commercially available

most used polymers are based on polyacrylates,
poly(Disperse Red 1 methacrylate) (pDR1m) (Figure 18a). pDR1m has the advantage of bearing a push-
pull azobenzene derivative, with absorption spectra partially overlapped for the trans and cis isomers.
Hence, when irradiated with an appropriate wavelength, continuous trans—cis and cis—trans
isomerization events take place, improving the inscription of SRG. Polyimides have often been used for
the inscription of SRG as well 27429>-297:368-385 Thege polymers are already common in optical applications,
for instance for the alignment of liquid crystalline materials. Sava et al. synthesized a variety of
azopolyimide derivatives to study their applicability as photoactive materials (Figure 18b).’”* Some
reported examples, notably by Santer and coworkers, use poly(1l-[4—(3-carboxy-4-
hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl, sodium salt) (PAZO) (Figure 18¢)*3% to
determine its ability to form SRG as compared with a molecular glass containing azobenzene
derivatives.>®® Epoxy polymers have also been reported for the inscription of SRG,*%*% and we have
already discussed the example showing the formation of quasi-crystal structures (Figure 17b).3!3 It is also

possible to find examples with conjugated azopolymers, such as polydiacetylenes,*! polyfluorene,**? or

polycarbazole (Figure 18d-f).*" Zettsu et al. doped an azopolyacrylate film with poly(3-

) 404 1.346,35 1,405-413 for
. 2

dodecylthiophene Azopolyurethanes were used for the inscription of SRG as wel
instance, Rochon and coworkers synthesized a polyurethane where the azobenzene derivative was in the

hard segment (Figure 18g).*” A few examples are available with poly(aryl ether):*'***° Kim and
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coworkers prepared one with a perfluorocyclobutane moiety, because these materials are stable towards

temperature and mechanical forces, transparent, and easily synthesized and processed (Figure 18h).4?°
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Figure 18: Chemical structures of systems used for the formation of SRG. (a) poly(Disperse 1
methacrylate) (pDR1m). (b) Azopolyimides with X = 0-Me, p-Cl or p-Me, and Y = CO or C(CF3).3”* (c)
poly(1-[4—(3-carboxy-4-hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl sodiumsalt) (PAZO).**’
(d) Polyacetylene.*’! (e) Poly(fluorene-azobenzene).**? (f) Copolymer of carbazole (blue), triarylamine
(purple) and azobenzene (brown) with a thymine moiety (green).*** (g) Polyurethane.*® (h) Azopoly(aryl
ether) with a perfluorocyclobutane moiety.*?° (i) Azopolysiloxanes.?*® (j) Representative example of the
structure of the sol-gel hybrid material with anthracene and an azobenzene derivative, R = -(CH»)3-

NHCOO-CH,-, and R’ = -(CH2)3-NHCOO-(CH2)2-.**! (k) Azopolymaleimide-co-styrene.*?? (1) Structure
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of the azopolyester.*** (m) Example of functionalization with azobenzene for the lignin.*** (n) Azopoly(4-
phenol) synthesized with horseradish peroxidase.*** (0) Poly(amic acid).**®. (p) Poly(4-vinylpyridine) and
H-bonded azobenzene derivative, R = -NH-CHj3, -N(CH3)2 or —O-CH3.%7 (q) Poly(4-vinylpyridine) and
X-bonded azobenzene derivative.*”® (r) Chemical structure of the polyelectrolytic complex between
poly(diallyldimethylammonium) and 2-(4- dimethylaminophenylazo)benzoate.**’ (s)
Poly(ferrocenylethylmethylsilane)-block-(ferrocenylaminomethylsilane) and Ethyl Orange complex.**
(t) Azopoly(aryl ether) bearing a rare earth metal complex, with R being either Eu or Tr.**! (u-x)
Azotriarylamine derivatives.*? (y) 4-(dimethylazobenzene) where the formation of SRG has been

observed.** (z) Ruthenium acetylide complexes with azobenzene derivative.*3*

The flexible polysiloxanes also got their share in the SRG field.??¢370-372435437 Rocha, Hurduc, and
coworkers prepared such polymers and studied the inscription of SRG under pulsed irradiation (Figure
18i).2%° Another kind of siloxane derivatives can be obtained with sol-gel silica coatings;**!**343% an
example of such material has been prepared by Peretti, Gacoin, and coworkers by mixing a silylated
anthracene, a silylated azobenzene, and tetraethyl ortho silicate (Figure 18j).**! Zhu and coworkers
reported the synthesis of an azocopolymer of maleimide and styrene for the formation of SRG (Figure
18k),*?? while Fukada et al. used the same kind of polymer (along with an azopolyacrylate) to study the
influence of the functionalization degree on the SRG inscription.*® A few azopolyesters have been
reported,*!**? for instance by Xu et al. where the photochromic molecule is part of the main chain (Figure
181).** An interesting instance has been published by He and coworkers, where they successfully
functionalized a biobased lignin with azobenzene derivatives (Figure 18m).*** Tripathy and coworkers
reported the enzymatic synthesis of azopoly(4-phenol) and the corresponding inscription behavior for

SRG (Figure 18n),**> whereas Zhang and coworkers reported the use of a poly(amic acid) backbone

(Figure 180).4%
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Polymers backbones interacting with azobenzene derivatives by supramolecular bonds have also been
proven to be suitable materials for SRG,368:383.386:403.437.443-448 py 1y (4 yinylpyridine) (P4VP) is the most
common macromolecule that has been described for relief gratings. Many examples use azobenzene
derivatives that are H-bonded to their polymer backbone 3!-323:427:449456 7hang and coworkers described
a hydrogen-bonded P4VP-azobenzene system (Figure 18p), for which they observed the formation of
gratings with a modulation depth of up to 312 nm, depending on the azo-content of the material.*** A few
years later, Priimagi, Metrangolo, Resnati, and coworkers presented the first example of a halogen-bonded
azobenzene derivative with P4VP for the inscription of SRG (Figure 18q);**® halogen-bonded systems

428,451

have been subject to further investigation since then. Several studies aimed to compare

supramolecular systems to their covalent counterparts*’

or to compare hydrogen-bonded and halogen-
bonded systems.***#348 Forni, Resnati, Metrangolo, Priimagi and coworkers demonstrated that the
higher directionality of the X-bond compared to the H-bond made them better candidates for the
photoalignment of azosupramolecular materials.**> The inscription of SRG has also been done on various
polyelectrolytic systems;***#?40  Stuympe and coworkers prepared such a system by mixing
poly(diallyldimethylammonium chloride) and sodium 2-(4- dimethylaminophenylazo)benzoate (Figure
18r).4* Polyelectrolytic complexes have also been used for the fabrication of layer-by-layer (LbL)
assemblies, where a cationic and an anionic layer are alternatively coated on the substrate.*!*6? Faul,
Manners, and coworkers prepared a polyelectrolytic complex based on a poly(ferrocenyl) cationic
backbone and an anionic azobenzene derivative (Figure 18s).*** Some rare earth metallic complexes with
azopoly(aryl ether) have also been reported:**!*** Zhang and coworkers prepared such polymers with
europium and terbium complexes (Figure 18s).’!

In addition, different polymer topologies of azobenzene derivatives have been explored for the
inscription of SRG. Several examples used polymer brushes,*** 4% dendrimers*®®*’?> and star-shaped

473-478

compounds, and some of them have been directly compared to their linear counterpart.*”
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The inscription of SRG has also been explored on amorphous low molecular weight molecular
materials ?!7-389:432:480-500 Nakano er al. compared the gratings formation between several amorphous films

composed of azotriarylamine derivatives (Figure 18u-x),**

and Ishow et al. performed a comparative
study of several molecular glasses.’*! There are in addition several examples where the authors proved
that their material was in a crystalline phase.*3*92-% Nakano et al., for instance, observed the formation
of SRG at the surface of a single crystal of 4-(dimethylamino)azobenzene (Figure 18y). Several papers
were aimed at comparing molecular materials to their polymeric counterparts.>’”°% Many examples have
been described where the systems are in a liquid-crystalline phase,?33-336-360.362:478.489.509-520 Ryjthenium
acetylides derivatives can also be used for the inscription of SRG.**°21522 These compounds are used in
the field of non-linear optics because they are stable, easily prepared, and redox-responsive. Sahraoui et
al. synthesized such complexes with azobenzene derivatives (Figure 18z) and studied the ability to form
relief gratings on these materials.*** Interestingly, Gopalan and coworkers reported the synthesis of
Single-Wall Carbon NanoTubes (SWCNT) functionalized with DR1m and the subsequent inscription of
relief gratings on the corresponding film.>??

In order to enhance the stability of SRG over time, several studies aimed at developing a post-inscription
crosslinking step.>3¢:347:339:324-529 Moreover, since azobenzene derivatives are colored, there have been
reports where the photochromic molecule was removed after the formation of the relief gratings, while

447,530 ;

still conserving the surface topology, in order to obtain transparent materials.

SRG have mainly been inscribed on planar surface, but a few examples show also that mass transport

531,532 533

can take place at the surface of colloidal particles or along the length of an azopolymer nanotube.
The main part of the available literature about SRG deal with azobenzene derivatives, as already
discussed, 3384519334335 byt bisazobenzene derivatives have also been reported,?2374395:414.:454,456,536,537

For instance, Vapaavuori, Goulet-Hanssens, ef al. observed that the use of a mefa-bisazobenzene (Figure

19a) resulted in better relief inscription than its monoazo counterpart.>*¢
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Figure 19: (a) Bisazobenzene structure with the second azo unit either at the para or meta position.>® (b)

Azoisoxazole derivative.*”’ (c) Polymethacrylate with benzylidene aniline derivative with X =Y = C=N
or N=C.»% (d) Phototriggered merocyanine aggregation.’® (e) Cyanostilbene derivative.’*® (f)

Diarylethene derivatives.’*!

Kucharski, Ortyl, and coworkers investigated the formation of SRG in materials containing
azoisoxazole units (Figure 19b).*7->*2 There are also a few reports where benzylidene aniline has been
used (Figure 19¢).>34-3% Kawatsuki et al. studied the inscription kinetics of SRG in such a system, and
observed that it differed from the azobenzene-based system because of the concomitant degradation of
the C=N of the photochromic unit.>*® A few examples consider spiropyran and spirooxazine
derivatives, %43 but the mechanism differs from the azobenzene-based systems and is not perfectly
understood. Ubukata ef al. suggested a mechanism where the diffusion coefficients difference of the
spiropyran and its merocyanine isomer between the irradiated and shaded areas drives the formation of
SRG,>* while Fu, Zhang, Liu, and coworkers explained the formation of SRG in their system with a
phototriggered merocyanine aggregation (Figure 19d).>* Park and coworkers used a cyanostilbene

derivative to form SRG in a crystalline film;>*® in this case, the authors proposed that the efficient
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inscription is driven by a photodriven crystallization of the photochrome (Figure 19¢). Ubukata et al. also
reported the formation of SRG in diarylethene-containing PMMA films (Figure 19f).*!

Having now established an exhaustive catalog of all the possible general chemical structures reported
so far for the inscription of SRG with photoswitches, we will now focus on some examples of original
applications of such materials, that is apart from the classical optical data storage.

In optics, SRG have been used, for instance, to increase the light extraction of Organic Light-Emitting
Diodes (OLED).>**%° The internal quantum efficiency of these devices are close to 100 %, but due to the
multilayered structure and the internal reflection, the overall light extraction of the material is usually

closer to 20 % (Figure 20a).>%

(a) Total light extraction ~20 %
Air (n=1)

""""""""""" =-.. ¢ e el l Light loss by total
t('ilgslsss)ubstratei ........ 1 S = >0, internal reflection

at glass/air ~30%

ITO anode (n=1.9~2.2) t/ Light loss by ITO/organic

\ waveguide mode

HTL (n=1.7~1.8) at ITO/HTL ~50 %

EML (n=1.7~1.8) Emitting light 100%

Figure 20: (a) Scheme of the light loss in an OLED device. EIL = Electron-Injecting Layer, EML =
EMission Layer, HTL = Hole-Transport Layer, ITO = Indium Tin Oxide. (b) Chemical structure of the
modified poly(Disperse Orange 3) used for the inscription of SRG.> Part (a) is adapted with permission

from reference >*°, Copyright 2017 Springer Nature.
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The incorporation of microstructures at the interfaces lowers the internal reflection loss; for instance,
Kim and coworkers inscribed SRG in a modified poly(Disperse Orange 3) (Figure 20b) for this purpose
550 and observed an increase in the luminescence of the device of approximately 10 % to 20 %, compared
to its non-microstructured analogue. An early example by Rochon and coworkers reports the use of
azopolymers with inscribed SRG as slab waveguides.*>' SRG have also been used to fabricate Distributed
FeedBack (DFB) lasing devices.>>*°¢ Briefly, DFB lasers make the use of a periodic variation of
properties along a material, like its refractive index, for the emission of a coherent and monochromatic
light beam. On this basis, Ubakata et al. studied the DFB lasing ability of a device (Figure 21b) based on
the laser dyes sulforhodamine and malachite green (Figure 21a), with a pDR1m layer for the inscription

of SRG.>>

SR MG

Emission intensity/a.u.

600 700 800
Wavelength/nm

Figure 21: (a) Chemical structure of the laser dyes (i) sulforhodamine (SR) and (ii) malachite green
oxalate (MG).>>* (b) Emission of the SRG-inscribed DFB device, where the dotted line represents the
assisted spontaneous emission and the solid line the DFB lasing. Part (b) is adapted with permission from

reference °>°, Copyright 2006 Taylor & Francis.

SRG can also be used to pattern fluorescent substrate:>’%° Ishow et al. used an azotriarylamine

derivative (Figure 22a) to form a 2D array of fluorescing spots (Figure 22b).>>° Oh and coworkers reported
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the formation of SRG at the tip of an optical fiber for applications such as beam splitter or diffractive

lens. %

Figure 22: (a) Chemical structure of the azotriarylamine used for the formation of SRG,*’ and (b) the
resulting Two-Photon Fluorescence imaging of the patterned fluorescence. Part (b) is adapted with

permission from reference 3°°, Copyright 2007 American Chemical Society.

There are also examples of the use of SRG in the fields of organic solar cells.>*'**’ For instance, Kim
and coworkers transferred the SRG pattern to a layer of poly(3-hexylthiophene) via a PDMS stamp, in
order to increase its sunlight absorption without increasing its thickness.>®*

Other examples made use of the transfer of SRG to substrates with a PDMS stamp%®->7" but, in some
cases, the pattern can be directly inscribed onto the substrate or a coating material.>¥7-#>>571-573 Samuelson,
Kumar, and coworkers reported a system where, after the formation of the pattern, they coated the material
with a LbL assembly of poly(4-styrene sulfonate) and TiO: particles. After a calcination step at 500 °C
which sinters the TiO: in the grooves of the SRG and degrades the organic material, they obtained titania
nanowires and nanodots over a large area (Figure 23).%7> The same procedure was later used by the same

group for the formation of gold nanostructures.”’*
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Figure 23: (a) Schematic representation of the procedure used to fabricate titania nanostructures. (b) (i)

Resulting titania nanowires and (ii) nanodots observed by SEM. Adapted with permission from reference

372 Copyright 2006 John Wiley and Sons.

Other procedures can be used to form nanostructures with SRG, with numerous examples being based
on an etching step.’’>>% For instance, Shevchenko and coworkers formed nanostructures in silicon

through the reactive ion etching of a patterned azopolymer with the eventual use of an intermediate Al2O3

photomask (Figure 24).>7

500 nm 200 nm
= =
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Figure 24: (a) Schematic representation of the procedure used to fabricate silicon nanostructures (I)
Formation of SRG. (II) Partial etching of the organic matrix in O». (III) Dry etching of the silicon. (IV)
and (V) Stripping of the mask. (b) The corresponding structures observed by SEM, with (i) the Al,O3
photomask, (7i) the etched silicon substrate, (iii) another etched silicon substrate with a different etching

procedure. Adapted with permission from reference >’®, Copyright 2011 John Wiley and Sons.

Santer and coworkers widely investigated a system where anionic poly(methacrylate) are grafted onto

a silica substrate and loaded with cationic azobenzene derivatives (Figure 25a).363:465-468.581
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Figure 25: (a) Chemical structure of the anionic PMMA layer loaded with cationic azobenzene derivative,
along with gold nanoparticles. (b) Nanowires obtained after the inscription of SRG and subsequent
581

washing with DMF, as observed by SEM. Part (b) is adapted with permission from reference °°,

Copyright 2017 Nature Springer.

The inscription of SRG to this material leads to the chain scissions in the grooves of the pattern, and the
residues can be washed by a good solvent, like DMF.%%® They used this system to form nanowires with
gold nanoparticles that were loaded, along with the azobenzene derivative, within the polymer layer
(Figure 25b).%!

The inscription of SRG has been also reported in the biomedical field. Sabat, Escubedo, and coworkers
explored the application of bidimensional SRG as nanoplasmonic biosensors for the detection of biotin-

582 and for the detection of uropathogenic bacteria.’®® Briefly, they prepared

streptavidin binding events
orthogonal bidimensional gratings on a DR1m glass, and they further coated the surface with gold (Figure

26a).
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Figure 26: (a) Procedure for the preparation of the crossed surface relief gratings (CSRG) for

nanoplasmonic biosensing. (b) Schematic representation of the setup used for the detection of binding

events in the device. (¢) Evolution of the relative shift (nm) as a function of time (min); the bacteria F.

coli shows the strongest response. Parts (a-b) and (c) are adapted with permission from reference %

Copyright 2017 American Chemical Society, and reference °%*, respectively.

When irradiated with horizontally polarized light, surface plasmons can be excited at the metal-glass
interface, and energy can be reemitted in the orthogonal component, that is, vertically polarized. Hence,

by placing a vertical polarizer after the device (so that any residual incident signal is removed), a
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spectrophotometer can detect the signal caused by the surface plasmon resonance (SPR) (Figure 26b).
The shift of the signal peak is quantitatively related to the objects adsorbed at the surface, and the authors
showed that they could detect E. coli bacteria (Figure 26¢).>%> Moreover, since cells are sensitive to the
topology of their environment, several studies have been conducted for the patterning of cell culture media
through SRG.#36:464584-587 Recently, Cavalli, Netti, and coworkers observed that human umbilical vein

endothelial cells (HUVEC) oriented preferentially along the pattern direction (Figure 27).464
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Figure 27: (a) Phase contrast images of incubated human umbilical vein endothelial cells (HUVEC) on
(i) patterned surface with SRG (red arrow shows the pattern direction) and (ii) non-patterned surface. The
scale bars represent 30 pm. (b) Corresponding cell orientation of the surfaces. The wide distribution with
an average of approximately 45° indicates a random orientation on the non-patterned surface, while the
narrow distribution with an average of 0° indicates a highly preferential orientation on surfaces patterned
with SRG (the asterisks represent a significant statistical difference between the two cases). Adapted with

permission from reference *¢*, Copyright 2010 The Royal Society of Chemistry.

Since SRG occurs because of a directional mass migration in the material, several examples report the

588-591

orientational motion of nanoobjects or dyes>®> embedded in the matrix. For instance, Ishow and

coworkers reported the selective alignment of polystyrene nanoparticles either in the crests of SRG (for
nanoparticles deposited before inscription of the pattern), or on the troughs (for nanoparticles deposited

after inscription) (Figure 28).%
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Figure 28: (a) Schematic representation of the linear alignment of polystyrene nanoparticles in the crests

of the SRG and the corresponding SEM image, when the particles are deposited before the inscription of
the pattern. (b) Scheme of the linear alignment of polystyrene nanoparticles in the troughs of the SRG and
the corresponding SEM image, when the particles are deposited after the inscription of the pattern.

Adapted with permission from reference 3*°, Copyright 2014 American Chemical Society.
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£,593-596 or for

Finally, SRG can also be used for the orientation of liquid crystalline materials coated on i
the organization of block copolymer phases.>®’ They have also been used to change the wettability of
materials, since this property is closely related to the surface topology.>*®

So far, we mainly discussed SRG fabricated with an inhomogeneous light field, either through IIP, PIP,
or a photomask. However, there are some reports describing the interesting formation of “spontaneous”
SRG under illumination with a single polarized light beam.

326,338,364,394,452,474,488,587,599-605 The resulting

pattern, named recently the “willow structure” by Noga et al., is less periodic than the classical SRG

(Figure 29a).%

Figure 29: (a) « Willow structure » obtained on a supramolecular azopolymer upon irradiation with a
single linearly polarized beam, observed by AFM. (b) AFM image of the hexagonal array of domes
obtained after irradiation with a single linearly polarized beam. Parts (a) and (b) are adapted with
permissions from reference %%, Copyright 2016 John Wiley and Sons, and %7, Copyright 2002 John Wiley

and Sons, respectively.

It seems that these structures result from the interference patterns generated at the surface by defects,

but model and experiments are still ongoing to fully understand how such patterns can appear.®°%5 An
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early example of “spontaneous” inscription of structure has been reported by Hubert et al., where they
observed the formation of hexagonal arrays of domes after the illumination with a single linearly polarized
light beam (Figure 29b).°761% These arrays could further be organized to hierarchical SRG after

illumination with an interference pattern.®!!

2.4.2. Local photopatterning

SRG are formed on large areas, but the mass motion upon polarized irradiation can also be achieved on

localized spots, either with focused beams®!>762

or by the near-field generated by metallic structures (that
is, surface plasmons).®?!622 The latter case has actually been used to map such near-fields generated by
metallic nanostructures.’?*623-62° Hubert et al. described a system where they coated pDR1m on an array
of silver and gold nanostructures. After irradiation with polarized light, they observed by AFM the

formation of surface reliefs, close to the theoretical calculations of the photogenerated near-fields (Figure

30)-628
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Figure 30: AFM images of the mapping of near-fields generated by silver nanostructures coated with
pDR1m, (a) Before irradiation. (b) After irradiation with RCP light. (c) Close-up of the structure seen in
8

(b), and (d) corresponding theoretical negative field image. Adapted with permission from reference 2,

Copyright 2005 American Chemical Society.

Santer and coworkers used the same phenomenon to map the interaction between silver and gold
nanoantennas.®?® Concerning the patterning with a single focused light beam, various shapes of surface

) 630-632
5

reliefs has been achieved, for example, some helical structures (Figure 31a or some doughnut-

shaped structures (Figure 31b).93
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Figure 31: AFM images of localized photopatterning achieved with a single focused light beam. (a) (i)
Top view and (7i) perspective view of a helical structure. (b) Doughnut shape (the image represents 3 um
x 3 um). Parts (a) and (b) are adapted with permissions from reference **°, Copyright 2017 Optical Society

of America, and reference 3, Copyright 2017 Elsevier, respectively.
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More recently, Netti, Cavalli, Attanasio, Ventre, and coworkers used confocal microscopy to pattern

cell media with various shapes (Figure 32) and study the behavior of cells on the modified substrate.®*+

636

Figure 32: SEM images of patterned surfaces formed with a confocal microscope. (a) Concentric squares.
(b) Concentric triangles. (c) Sphere-like geometries. Scale bars: 10 um. Adapted with permission from

reference %%, Copyright 2016 John Wiley and Sons.

2.4.3. Other examples

A switchable surface topology can also be achieved by using poly(N-isopropylacrylamide) (pNIPAAm)
hydrogels functionalized with spiropyran moieties.*” %% (n.b. the photoswitchable shrinking/swelling
mechanism of these systems will be discussed later (section 2.5.2)). For instance, Broer, Schenning, and

coworkers prepared such a hydrogel layer on a glass substrate, and varied the degree of crosslinking in
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the material, thus pre-patterning the surface topology. Switchable topologies are produced by irradiation
with blue light (A = 455 nm) because the volume difference between the swollen and shrunk states is

higher in the areas where the material is less crosslinked (Figure 33).97

Figure 33: Modification of the topography of a spiropyran-pNIPAAm hydrogel surface observed by
interferometry, (a) before and (b) after light irradiation (A = 455 nm). The represented area is 505 x 946

pum?. Adapted with permission from reference 7, Copyright 2014 American Chemical Society.

Liquid-crystalline (LC) materials doped with molecular photoswitches have been used to tune the
surface topology as well (n.b. the mechanism will be also discussed later in section (2.5.3.)). Shortly, the
local disorder caused by the frans—cis isomerization of azobenzene under light irradiation is amplified
by the liquid-crystalline phase, resulting in an overall contraction or expansion of the material. This
localized change of volume has paved the way for surfaces topology photocontrol.?!3640-645 Nowadays,
many systems possessing light-responsive surfaces have already been elaborated.®*% % However, they
may require the pre-organisation of the material such as an alternation of chiral nematic and isotropic
phases.®*® A recent paper describes a promising material through the study of an ortho-fluorobenzene
Liquid-Crystalline Elastomer (LCE) film.>*® A mask is used to filter the green light triggering the

isomerization of the photoswitch and to impose a precise topography on the surface (Figure 34).
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Figure 34: (a) Chemical structures of the liquid crystal components. (b) Illustration of the configuration
of the surface topography with the use of a mask. Writing with green light and erasing with blue light. (c)
Microscope pictures of the surface evolution over time (scale bar: 100 pm). Parts (b) and (c) are adapted

with permission from reference **°, Copyright 2018 John Wiley and Sons.

The process is reversible as the sample only needs to be placed under blue light to recover its initial
shape. Therefore, multiple topographies can be successively obtained by changing the form of the mask.
The presence of the fluorides allows the surface to be preserved for at least 12 days in the dark, since it

confers an important thermal stability to the switch.
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2.5. Photoinduced shape deformation of tridimensional materials

Photocontrollable macroscopic mechanical deformation has been widely reviewed over the years,
mainly for LC systems. The present section starts with the deformation based on the directional
photomanipulation (DPM) method, closely related to SRG. We will then move on with systems
manipulated by other methods, usually when the shape change is caused by the modification of the
geometrical dimensions of the photochromic molecule. We will consider first amorphous polymers,
followed by liquid crystalline materials, and finish this section by discussing examples with molecular

crystals.

2.5.1. Directional photomanipulation

Directional photomanipulation (DPM) has also been commonly called directional photofluidization, but
since it seems that its mechanism is closely related to the mechanism of inscription of SRG, and, hence,
not evidently a fluidization process, we will prefer the more general term in this review. There have been
some reports focused on the mechanism of DPM,%*%%! and there are actually examples where the initial
DPM of particles leads to the formation of SRG.*? Again, we do not aim to conclude on a mechanism
here, and we invite the reader to refer to the previous section for a general discussion. Besides, we will

not discuss the examples with the DPM of nanoparticles,5>3-6%

considering the scale limitations that we
established at the beginning of this chapter.

DPM refers to the mechanical deformation of a photosensitive object along the polarization direction
of the incident light. While the most recent reports do not use interfering beams, one of the first example
of DPM was observed during the irradiation of microspheres with an interference pattern. Wang and
coworkers showed the elongation of epoxy-based amphiphilic azopolymers colloidal particles along the

direction of polarization of blue light (A = 488 nm), which deformed from spheres to rods with an aspect

ratio of almost 2.4 (Figure 35).%!
73



Figure 35: Directional photomodulation of amphiphilic azopolymer colloidal particles. The light beam is
linearly oriented from left to right. The SEM images are obtained (a) before, (b) after 5 min, (c) after 12
661

min and (d) after 15 min of irradiation (A = 488 nm). Adapted with permission from reference

Copyright 2005 American Chemical Society.

Other authors also observed this effect under an interference pattern.>¥>662-66 Interestingly, in an
attempt to explain the formation of SRG, such deformation was observed earlier by Helgert and
coworkers, with the directional deformation of an azopolyester film deposited on a water surface along
the direction of polarization of the visible light (A = 532 nm) (without any interference pattern) and

).665
3

restoration of the initial shape with circularly polarized light (Figure 36a-c we believe that it is the

first example of DPM of an azobenzene-containing material.
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Figure 36: (a-c) Optical microscopy images of the deformation of an azopolyester film deposited on
water. The film contour appears white. (a) Before irradiation, with the arrow highlighting the film contour.
(b) After irradiation with LPL (A =532 nm), as indicated by the double arrow. (¢) Restoration of the initial
shape after irradiation with CPL. The film is approximately 1 cm in diameter; (d-f) SEM images of the
reversible directional photomanipulation on a crosslinked azopolyacrylate material. (d) Before irradiation.
(e) After irradiation with LPL (A =532 nm), as indicated by the double arrow. (f) Restoration of the initial
shape after a heating treatment. Scale bars are 1 um. Parts (a-c) and (d-f) are adapted with permission
from reference °°, Copyright 2000 Nature Springer, and reference ¢, Copyright 2018 John Wiley and

Sons, respectively.

The initial shape can indeed be recovered with illumination with homogeneous CPL,%’ but also by
crosslinking the material: Li and coworkers recently reported such a system with a crosslinked
azopolyacrylate.%® They observed the DPM of an array of micropillars upon irradiation with LPL (A =
532 nm) and restored the initial shape by heating the material (Figure 36d-f). Interestingly, they also

observed a patterned DPM under irradiation with interfering light beams.The materials used for DPM can

361,668,669 670,671

be based on polyacrylates, polyurethanes, epoxy-based polymers**1:¢72673 (with an example

with a hollow microsphere®’#), various block copolymers®’>¢78

or supramolecular systems with poly(4-
vinylpyridine).” Wang and coworkers reported a systematic study of the DPM depending on the size of
epoxy-based microparticles.5%

DPM has also been achieved on molecular materials.®®' "% For instance, Xu, Wang, and coworkers
prepared microspheres of azobenzene derivatives (Figure 37a) via a microfluidic processing method and
observed the deformation of the top layers of the particles, highlighting the field gradient effect stated

earlier (Figure 37b). Moreover, it can be noted that the final shape of the spheres does look like a directed

fluidization of the polymer matrix.
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Figure 37: (a) Chemical structure of an azobenzene isosorbide derivative. (b) Directional
photomanipulation of the resulting microspheres observed by SEM: (i) before irradiation, (ii) after 1 h,
(iii) after 2 h and (iv) after 3 h of irradiation with LPL (A = 488 nm). Scale bars are 10 um. Part (b) is

adapted with permission from reference %!, Copyright 2018 The Royal Society of Chemistry.

As discussed earlier, the core of the literature about DPM is based on colloidal systems with the
deformation of microspheres, but we have also presented an example of system with micropillars, and
similar geometries have been reported by other groups.’¢”:8-6% The DPM can also be achieved on

spherical arrays (Figure 38a),%036%4% stripes (Figure 38b)®! or even holes (Figure 38c).%> 6%
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Figure 38: (a) SEM images of the directional photomanipulation of spherical cap arrays. (i) Before
irradiation. (i7) After 2 h of irradiation with LPL (A = 488 nm). (iii) After 3 h of irradiation. (b) SEM
images of the directional photomanipulation of stripes. (i) Pristine azopolymer stripes (scale bar: 10 pm).
photomanipulation with LPL (A = 488 nm) oriented from left to right (scale bar: 5 pm). (c) SEM images
of the directional photomanipulation of holes. (i) Pristine azopolymer stripes. (ii) Topography of the same
material after irradiation with LPL (A = 450 nm, white double arrow shows the direction of the
polarization). (7ii) Subsequent irradiation with an orthogonal LPL (white double arrow shows the direction
of the polarization). Parts (a), (b) and (c) are adapted with permission from reference °**, Copyright 2007
American Chemical Society, reference %!, Copyright 2011 John Wiley and Sons, and reference

Copyright 2017 American Chemical Society, respectively.
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He, Lin, and coworkers reported the DPM of azobenzene-based micelles upon irradiation with LPL (A

=450 nm) (Figure 39).%%

LPL time/hour

Figure 39: Evolution of the aspect ratio (L/D) of azobenzene-based micelles as a function of irradiation
time with LPL (A = 450 nm). The insets show the corresponding SEM images. Adapted with permission

from reference ®?, Copyright 2017 The Royal Society of Chemistry.

Nakano and coworkers described the DPM of a separated microphase containing an azobenzene
derivative.”” Several examples also consider the DPM of Janus particles.””! 7% For instance, Wang and
coworkers showed that the DPM of these particles takes place exclusively on the phase containing the
azobenzene derivative (Figure 40a).”* Nakano and coworkers observed the DPM of molecular glass

fragments fixed in agar gel (Figure 40b).”9>"707
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Figure 40: (a) (i-ii) Optical microscopy images of Janus particles where the azobenzene-containing part
appears red, and (7ii) after deformation by directional photomanipulation with LPL (A = 488 nm). (b) (i)
Optical microscopy images of molecular glass fragments of azobenzene derivatives fixed in an agar gel.
(ii) Same fragments after directional photomanipulation with LPL (A = 488 nm, direction of polarization
indicated by the black double arrow). Scale bars: 20 um. Parts (a) and (b) are adapted with permission
from reference ", Copyright 2016 American Chemical Society, and reference 7%, Copyright 2018

American Chemical Society, respectively.

Recently, Kang, Kim, and coworkers presented an interesting procedure for the patterning of
azopolymer films through DPM, via a process they named “vertical DPM”. Basically, a PDMS mold is
applied on the photoactive film, and an oblique irradiation with LPL (A = 532 nm) moves the polymer
matrix up in the cavities of the mold. The structure obtained in this way is asymmetric, so a leveling

irradiation with LPL at normal incidence is necessary in order to obtain a symmetric relief (Figure 41).7%®
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Figure 41: (a) Scheme of the procedure for vertical directional photomanipulation. (b) Resulting SEM

images after (i) the oblique illumination and (7i) the normal irradiation for levelling (A = 532 nm). Adapted

N Lebid

i) Placing PDMS mold onto ii) Slantwise irradiation for iii) Normal irradiation for a
spin-coated PDO 3 pattern evolution structural leveling

iv) Removing PDMS mold

with permission from reference "%, Copyright 2017 American Chemical Society.

Concerning the examples leading to original application, DPM has been used to control the wettability
of substrates.%®%%7 Li, Lin and coworkers recently showed the design of an anisotropic superhydrophobic
substrate, biomimicking the “rice leaf”. It was obtained by the DPM of a microsphere array, and they
showed that the sliding angle was different between the direction parallel and perpendicular to the

substrate orientation (Figure 42).
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Figure 42: SEM images of the microspheres array obtained from a homopolymer decorated with
azobenzene side chains after directional photomanipulation for (a) 3 h and (b) 12 h. (c) Evolution of the
aspect ratio of the microparticles as a function of irradiation time. (d) Evolution of the sliding angle of
water droplets deposited on the patterned substrate as a function of the aspect ratio, in the parallel direction
(black squares) and in the orthogonal direction (red circles) to the orientation direction. Insets represent
the corresponding pictures of the droplet on the tilted surface. Adapted with permission from reference

799 Copyright 2018 American Chemical Society.

DPM has also been used to align nanoobjects embedded in a polymer matrix.”!®”!! For instance, Lee,

Yoo, and coworkers reported the linear orientation of ZnO nanowires by this method (Figure 43).7'°

81



Figure 43: (a) High-angle annular dark-field scanning transmission electron microscopy images of the
elongated azomicrospheres containing the ZnO nanowires. (b) Resulting nanostructure after etching the

organic matrix. Adapted with permission from reference 7'°, Copyright 2018 Elsevier.

Kim, Park, Lee, and coworkers reported the healing of a crack in an azopolymer film (Figure 44), and
they applied it for the restoration of a wearable electronic device.”'? Park and coworkers also reported the

use of DPM to create patterns for gold nanostructures.”!*7!4
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Figure 44: SEM images of different stages of healing of an azopolymeric material upon directional

photomanipulation with LPL (A = 532 nm, direction of polarization indicated with the white double

arrow). Adapted with permission from reference 72, Copyright 2014 John Wiley and Sons.

White, Tan, and coworkers widely studied the macroscopic bending of polyamide and polyimide films

under LPL, motion that they attribute to the reorientation of the azobenzene moieties. Concerning non-
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crosslinked materials, they showed the bending of an azopolyamide film upon irradiation with polarized
blue light (A =445 nm), and they attributed the important mechanical response to a cooperative anisotropic

disruption of the H-bonded network of the material (Figure 45).”!?
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Figure 45: (a) (i) Idealized chemical structure of the hydrogen-bonded structure of the polyamide
containing azobenzene derivatives and (i) chemical structure of the disrupted material upon LPL (A =
445 nm). (b) Bending of a film made of the azopolyamide, (i) initial film, (7i) after 60 min of irradiation,
(iii) after subsequent relaxation in the dark for 60 min. The film has a length of approximately 6 mm. Part

(b) is adapted with permission from reference ''°, Copyright 2013 The Royal Society of Chemistry.
y y
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716718 and they recently

The same group also investigated systems based on azopolyimides films,
reported that a bulkier substituent on the polymer backbone (Figure 46a,b) induces a higher

photomechanical response of the material (Figure 46¢).”!°

Figure 46: (a-b) Chemical structures of polyimides with different substituents and (c) their corresponding
photomechanical actuation, using (i) polymer (a) and (ii) polymer (b). Part (c) is adapted with permission

from reference ’'®, Copyright 2017 American Chemical Society.

For crosslinked materials, they mainly focused on polyimide films;’"* 72! they studied the effect of the

7227235 and even optimized their system by physical ageing.’?* They also designed a

crosslinking degree
composite of polyimide with poly(vinylidene fluoride) for its piezoelectric properties, and, hence, the
conversion of light to electrical energy.”” Finally, Nakano reported the bending of a triarylamine
derivative bearing azobenzenic groups, and proposed that the irreversible mode of deformation of the
material was caused by DPM.”?¢ The same authors presented the directional motion of pieces of molecular
glasses containing azobenzene derivatives upon angled irradiation with a LPL beam (A = 488 nm); the

motion was attributed to an anisotropic softening of the matrix.’?”7?8
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With SRG, local photopatterning, and DPM, we mainly considered until now the mass migration of
objects caused by the photoalignment of azobenzene derivatives. In the upcoming sections, we will
consider the shape deformation of objects that are not the consequence of such alignment, but rather
caused by either the geometry or polarity change of the photochromic molecule. We will first start with
amorphous polymers, then consider liquid crystalline systems, and we will end this chapter with the

macroscopic motion of molecular crystals.

2.5.2. Photoactuation in amorphous polymers

As it will be seen in Section 2.5.3, liquid crystalline systems are usually the materials of choice for
photoactuation, mainly because only a small quantity of photochromic moieties are sufficient to induce a
huge shape change of the object. However, the first examples of macroscopic motion were based on
amorphous systems.

We will start the discussion with non-crosslinked materials. To the best of our knowledge, the first
example of the photoinduced contraction of an azomaterial was reported by Merian in 1966, "2%73% where
he observed that a 140 cm long dyed acetate fabric containing an azobenzene derivative contracted upon
irradiation of about 1.2 mm (that is, approximately 0.09 %), and that a 30 cm long dyed piece of Nylon
fabric contracted of about 0.33 mm (approximately 0.1 %). In 1980, Blair and Lau reported the contraction
of Nylon-6,6 film, dyed with either B-carotene or cyanostilbene, by 0.6 % and 0.8 % of their original size,
respectively.”®! The study of non-crosslinked amorphous azomaterial was then abandoned, until the
beginning of the 2000s. Zhang, Hu, and coworkers also reported a few years back the bending of a silk
fibroin fiber that was coated with an azopolysiloxane layer only on one side.”*

Azobenzene derivatives are again the main photochromic moieties used in these systems, but one recent
example by Zhang and coworkers use a bridged azobenzene derivative in a polyurea backbone (Figure

47a).”* Due to its structure, the bridged azobenzene derivative is more stable in its cis form. Hence, upon
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irradiation with blue light (A =405 nm), the cis—trans isomerization takes place, leading to an anisotropic
expansion of the material. The process is reversible with the irradiation using green light (A = 532 nm)
(Figure 47b). The authors prepared a film of the material, and indeed observed the reversible bending of

the film upon alternative irradiation (Figure 47c¢ and d).
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Figure 47: (a) Chemical structure of a light-responsive polyurea with a bridged azobenzene derivative.
(b) Scheme of the mechanism of reversible deformation of the azomaterial upon irradiation. (¢) Bending
of the azopolymer film upon blue irradiation, and (d) reverse motion upon green light irradiation. The
length of the film is approximately 2 cm. Parts (b-d) are adapted with permission from reference

Copyright 2018 American Chemical Society.

734-736

Athanassiou ef al. reported the bending of a polyacrylate film doped with spiropyran derivatives

that they attributed to the aggregation of the merocyanine isomers (Figure 48).
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Figure 48: Bending of a film made of a polyacrylate doped with spiropyran derivatives. The irradiation
is done on the left side of the material. (i) Initial shape. (ii) After 10 UV pulses (A = 308 nm). (iii) After
20 green pulses (A =532 nm). (iv) After 40 green pulses. (v) After 100 green pulses. (vi) After 160 green

pulses. Reproduced with permission from reference ’**, Copyright 2005 John Wiley and Sons.

Barrett and coworkers reported the deflection of an AFM cantilever coated with an azopolyacrylate
upon irradiation.”’” Endo and coworkers reported the use of poly(vinyl ether) blends containing

738 or poly(caprolactone).”?® In the

azobenzene derivatives as side chains, either with a polycarbonate
former case, they observed the reversible expansion of the stretched film upon irradiation, which they
explained by the disaggregation of the trans isomers;’*® in the latter case, they observed an anisotropic
photomechanical response of the stretched film, that is a contraction in the direction parallel to the
stretching force and an expansion in the orthogonal direction.”*® They explained this behavior in a way
similar to that of the liquid crystalline networks, which will be discussed more thoroughly later. Briefly,
isomerization of the azobenzene derivatives that are in the “oriented” amorphous phases (because of the
stretching force) lead to an isotropization of the domains, and therefore to a contraction in the parallel
direction and an expansion in the perpendicular direction of the stretching force. For the same reasons,
Shepherd and coworkers also used a stretching step before irradiating their azopolyurethane film for
actuation; moreover, the addition of hydrogen-bonding units in the system resulted in a self-healing
material.”** Recently, Naumov, Wu, and coworkers reported the sunlight-driven bending of a film based
on an azobenzene derivative in agarose,’*! following previous studies on dual humidity- and light-
sensitive polymeric films.”**™ Theato and coworkers presented a composite system where the
azopolymer is coated onto polypropylene fabric.”** Fang, Yu, and coworkers described a system with a

shape-memory effect (SME) based on a polyurethane doped with an azobenzene derivative and graphene

oxide, where a second temporary shape can be achieved via UV irradiation.”*> Zhang and coworkers
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observed the bending of an azopoly(amic acid) as well.*?® Kuzyk and coworkers studied the bending of a
PMMA fiber doped with azobenzene derivatives.”#%’#

Polymer networks containing photochromic units have also been investigated for their photomechanical
behavior. Examples of the photoactuation of dry covalent networks (as opposed to gels and
supramolecular systems) are quite scarce, probably because the crosslinking reduces the mobility of the
chains. Zhang and coworkers reported the bending of a recyclable azopolyacrylate crosslinked with
disulfide bonds.® Endo and coworkers, studied the photomechanical response of interpenetrated polymer

networks of azopoly(vinyl ether) and polycarbonate, >

obtaining the same mode of deformation as
discussed earlier for their blend systems.”*®

Gels have been way more studied as photoactive networks and we will detail hereafter some examples.
While pNIPAAm networks incorporating spiropyran moieties are the most common examples (vide
infra), some examples deal with azobenzene derivatives.””'">” For instance, back in 1984, Ishihara et al.
reported the reversible swelling/shrinking behavior of an azopoly(hydroxyethylmethacrylate) having free
hydroxyl groups.”* They attributed this phenomenon to the fact that, upon UV irradiation and formation
of the cis isomer, the hydroxyl groups of the polymer will preferentially interact with the polar azobenzene
isomer than with water. Water being then driven out of the gel, shrinkage of the material is the direct

758-760

macroscopic consequence. More recent examples use azosurfactants, also based on the polarity

switching of the photochromic molecule. A recent example by Hosono, Watanabe, Horie, and coworkers

uses a rigid poly(amic acid) backbone bearing an azobenzene derivative (Figure 49a).”°!
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Figure 49: (a) Chemical structure of the poly(amic acid) bearing azobenzene units in the main chain. (b)
Bending of the corresponding gel upon irradiation with blue light, because of the contraction of the rigid
polymer backbone. The insets show the structure of the gel and the macromolecule. Part (b) is reproduced

with permission from reference 7®!, Copyright 2013 American Chemical Society.

Upon irradiation with blue light (A =442 nm), the macromolecule contracts, leading to the gel shrinkage,
and they observed the bending of the material (Figure 49b). Additionally, Neckers and coworkers reported
a system with a spirooxazine derivative, with a similar behavior to the spiropyran-based ones.”® Also, the
same group presented the use of a superabsorbent polymer with an azobenzene moiety to cause water
expulsion from the gel upon irradiation.”®?

The photomechanical motion of pNIPAAm-spiropyran gels is based on simple reversible
shrinking/swelling behavior. Then, the design of the material can be tuned to obtain other modes of
motion.”**7%® For instance, Sumaru and coworkers prepared rod-like gels of this material that bent upon
irradiation (Figure 50a).”%®> The proposed mechanism is the following: when dissolved in acidic water,
spiropyran derivatives isomerize spontaneously to their protonated merocyanine form, which is easily
solvated by water because of its polarity. Upon irradiation with blue light (A = 436 nm) to induce the ring

closure, the spiropyran isomer (more hydrophobic) is obtained; this leads to the dehydration of the chain,

and, hence, the gel shrinkage (Figure 50b).

89



(a) in the dark under blue-light

/

ring-closure ‘ N/o_

rmg opening

McH

spirobenzopyran

dehydration

hydration

p(Sp-NIPAAm) chain

shrinking

ES , P
. / swelling
. p(Sp-NIPAAm) gel
(b)
(i) (ii) (iii) (iv)

Figure 50: (a) Mechanism for the reversible swelling/shrinking behavior of pNIPAAm-spiropyran gels.
(b) pNIPA Am-spiropyran rod-like gels at different stages of shrinking. The irradiation with blue-light (A
=436 nm) was conducted from the left-side of the material. Scale bar: 5 mm. Adapted with permission

from reference ’%°, Copyright 2005 The Royal Society of Chemistry.

Some reports attempted to enhance the efficiency of this effect.”®"’" For instance, Diamond and
coworkers introduced PEG porophores in the material and removed it after the polymerization. The
increased porosity facilitated the motion of water in and out of the material, overall increasing the kinetics

of the shrinking/swelling behavior.”® Another interesting example of material design has been reported
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by Florea and coworkers, who presented the unidirectional motion of a bent pNIPAAm-spiropyran gel

(the “walker”) on a (macroscopic) ratcheted surface (Figure 51).7"!

=/ t=21mins

Figure 51: Unidirectional motion of the “walker” based on pNIPAAm-spiropyran. (a) Initial state. (b)
and (d) Contraction of the gel under white light. (c) and (e) Swelling of the gel in the dark. The
unidirectional motion is due to the ratcheted geometry of the surface. Adapted from with permission from

reference 77!, Copyright 2017 Elsevier.

As stated earlier, it is necessary to work in acidic conditions to ensure that the spiropyran moiety is
mainly in its protonated merocyanine form. The necessity of an acidic aqueous solution can be overcome

772773 providing an internal source of protons to the gel.

by copolymerizing acrylic acid in the polymer,
Moreover, it is possible to swell the material in an ionic liquid (IL), to form a so-called ionogel.”’*7"" The
advantage of ILs resides in their stability, low vapor pressure, and that their properties are easily tunable
by changing the cation and/or the anion,”’® and incorporating these properties into “solid” gel structures
could be advantageous.””’

The main investigated application of pNIPAAm-spiropyran gels were made in the field of

microfluidics.”’*”? 78 An interesting example has been reported by Sumaru and coworkers.”®® The

authors created on-demand microchannels on a microfluidic device by irradiating it with a micropatterned
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light beam (A = 436 nm), causing the localized gel shrinkage (Figure 52). It is not, however, the only

example of applications that have been published. Schenning, Esteves and coworkers reported the

785

functionalization of a cotton fabric with the gels’®> and the irradiation decreases the diameter of the fibers.

The theoretical study of the mechanism of the photomechanical response has been investigated on these

786-788

gels, and, interestingly, some papers were published where the authors computationally designed

devices based on this material.”®* 7!
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Figure 52: On-demand formation of microchannels in a microfluidic device based on pNIPAAm-
spiropyran hydrogel observed by fluorescence microscopy. In (i), (iii), (v) and (vii), the light blue area
represents the irradiated area (A = 436 nm) where the gel is locally shrunk. In (ii), (iv), (vi) and (viii), the
red areas are caused by fluorescing latex beads, and the direction of the flow is indicated by the white

arrows. Adapted with permission from reference ’**, Copyright 2001 The Royal Society of Chemistry.

Finally, we will here discuss examples of amorphous supramolecular systems. Feng, Feng, and
coworkers reported a supramolecular azobenzene/polyimide assembly.”®? The cast film was initially
oriented with LPL so that the cut films spontaneously form helices. However, the photoinduced
deformation was done under unpolarized UV light (A = 365 nm), inducing a stretching of the helices
(Figure 53).
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Figure 53: Augmentation of the helical pitch of the supramolecular azobenzene/polyimide assembly
under UV irradiation (A = 365 nm). 5 min separate image (i) from image (vi). Adapted with permission

from reference 72, Copyright 2019 Elsevier.

Feng and coworkers also reported the use of a supramolecular assembly of a polyammonium with an
anionic azobenzene derivative to form films bending upon irradiation.”*”** A supramolecular device
designed as a “hand” by Feng, Feng, and coworkers has also been described.” Zhang, Li, and coworkers
presented the use of the a-cyclodextrin (CD)/frans-azobenzene complex to form a supramolecular
material with a shape-memory effect.””® The mechanism is as follows: the material has an initial shape,
and the trans-azobenzene forms crosslinking points with a-cyclodextrin, along with other physical

crosslinking points between carbonyl groups and calcium ions (Figure 54a).
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Figure 54: (a) Schematic representation of the polymer network containing both chemical and
supramolecular crosslinks. (b) Shape-memory effect in a supramolecular material based on a-cyclodextrin
and azobenzene. (i) Initial shape. (ii) Deformed shape fixed by UV irradiation (A = 365 nm) followed by
visible light irradiation. (iii) Temporary shape. (iv) Recovery of the initial shape upon irradiation with UV
light (A = 365 nm). The film has a length of approximately 2.5 cm. Part (b) is reproduced with permission

from reference 7°°, Copyright 2016 John Wiley and Sons.

Upon UV irradiation (A = 365 nm), the cis isomer is formed, so as the complex with the CD is broken
with a subsequent deformation applied to the material. While the object is still deformed, visible light or
heat is applied, forming the trans isomer back, and new complexes with CD are made, fixing the deformed

shape. When the mechanical stress is removed, the material recovers a part of its initial shape, but is still
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deformed overall (temporary shape). Then, upon irradiation with UV light, these azobenzene/CD
complexes will break again, and the material fully recovers its initial shape that has been “memorized”
by the carbonyl/calcium crosslinking points (Figure 54b).”® Sun and coworkers also reported the
photoinduced bending of a LbL film containing azobenzene moieties.”’

As discussed in this section, amorphous polymers are already interesting to achieve a variety of
mechanical deformation. We will now discuss LC systems in which only a small fraction of actuating

molecules can induce a large-amplitude, macroscopic deformation.

2.5.3. Photoactuation in liquid crystalline elastomers

Liquid-crystalline elastomers (LCE) are slightly cross-linked networks incorporating mesogenic
moieties, which can form materials characterized by their flexibility and their anisotropy. Finkelmann and
coworkers published in 2001 the first example of a LCE coupled to a molecular switch, and they
demonstrated its reversible contraction upon UV irradiation.””® The amplification of the mechanical
motion in such materials is induced by the disorder brought along the trans—cis isomerization of
azobenzene derivatives involved as cross-linking units. This seminal paper is at the origin of a whole class
of photoresponsive materials which have been intensively investigated over the years. In the following
part of this review, we will focus on such LCEs containing photoswitches and capable of large actuation
upon light irradiation. We will first explain the functioning principle of those systems and detail the
various parameters that may influence their mechanical behaviour. Then, we will present different
examples of complex motions together with the corresponding applications that have been achieved using
those compounds. We will highlight here some of the most important examples, but the reader can also
refer to a number of reviews already covering this particular topic, 543:64799-810
Motion in LCE can be easily achieved by perturbing the natural alignment of the mesogens using

various stimuli. In the case of photoresponsive LCE, a molecular switch is introduced in the network, as
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a main constitutive unit or as a doping agent and, most of the time, all the components are linked together
by a polyacrylate polymer. Their synthesis often involves the use of a photoinitiator such as bis-
acylphosphine oxide. H. Zhang and co-workers investigated the elaboration of unorthodox linkers,®!! to

,’% or to form a cross-link based on supramolecular interactions®!2.

induce a reversibility in the network
As already mentioned, the first switch integrated into an LCE matrix was an azobenzene derivative which
remains nowadays predominantly used in this area. The main mechanism for the actuation of the material
is closely related to the disorder brought by this photoswitch. Indeed, the trans isomer of the azobenzene,
with its elongated shape, can easily pack with the liquid-crystal moieties and thus stabilize the nematic
phase. Conversely, the corresponding cis isomer possesses an angled structure and therefore destabilizes
this organisation. Consequently, the phase transition temperature will be lowered upon the trans-cis
isomerization of the photoswitches and, as a result, the nematic phase becomes isotropic in an isothermal

manner (Figure 55). Nanoscopic shifts of alignment at the surface are subsequently translated

macroscopically by an expansion or a contraction of the material, depending of the director orientation, a

subject closely investigated by Ikeda and co-workers. 313814
frans-1somer
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Figure 55: Phase transition temperature of a LCE involving trans- (Tuans) and cis-azobenzene (Teis), T:

Isothermal phase transition by photoisomerization.
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In all cases, the liquid-crystalline network contracts in the direction parallel to the director and expands
in the direction orthogonal to it. As a consequence, when the mesogens are oriented parallel to the
irradiated surface, the material contracts upon light exposure. With an homeotropic alignment, however,
the material expands, as it has been reported in details by Ikeda®'>#! and by White & Broer (Figure 56).31
More complex deformation can be achieved with a proper patterning of the orientation of the LC phase,
moreover, splayed alignment of the material (homeotropic on one face, planar on the other) may be used

to obtain a fast, large amplitude actuation.®6-81¢
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Figure 56: Proposed mechanisms for the expansion or contraction motions obtained for azobenzene-
containing LC materials with homeotropic and planar alignment, respectively. Reproduced with

permission from reference !4, Copyright 2014 John Wiley and Sons.

The whole process is completely reversible as the azobenzene can easily isomerize from cis to trans
thermally (or under visible light) and therefore, LCE can reorganize back. Obviously, a rise of the surface
temperature would have had a similar effect. As it has been stated in the introduction of this chapter (2.1),

t8l7

collective motion solely induced by photothermal effect® ' will not be addressed in this review. However,

this phenomenon should not be overlooked so quickly. Indeed, even if the isomerization of a photoswitch
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should, in theory, lead to an isothermal phase transition by destabilizing the mesogens organization, one
cannot avoid a local rise of temperature at the surface induced by the absorption of light. Therefore, any
collective motion in LCE systems involving a photoswitch might involve a synergy between
photomechanical and photothermal effect. Interestingly, it is also possible to strongly limit the thermal
process by substituting the ortho positions of azobenzenes by fluorides; the obtained LCE are thereby
shape-persistent and can maintain their form for days.**>#? In order to generate a unidirectional bending
of the material, two main approaches have been developed so far. The first one, popularized by Ikeda and
coworkers, consists in using linearly polarised light to induce a selective isomerisation of the azobenzene
units based on their respective orientation.®*! The second one is based on the control of the mesogens
global alignment. In this case, one can distinguish the use of a pre-organized surface from the application
of an external force. The former consists of a “command surface” on which the LCE is simply deposited.
The mesogens will then align themselves spontaneously without any other external stimulus, before being
cross-linked, thus fixing their configuration.?!7822-82> Conversely, the latter requires the application of a
force on the network. To that end, one way consists in stretching unidirectionally the LCE film while
heating it (Figure 57).8%° The main drawback of this method lies in the lack of reversibility. Once irradiated
by UV light, the formed isotropic phase loses the memory of the initial main director of the LCE. Thus,
even after visible irradiation and recovery of the nematic phase, the obtained bending will not be exactly
similar. To tackle this issue, it is possible to reticulate the material after stretching, thus trapping the LCE
in a chosen organization. Shear forces during the viscous flow of the material, for instance in a

microfluidic device, may also be sufficient to induce uniform alignment before reticulation.®?’
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Figure 57: (a) Alignment along stretching direction (b) Photoisomerization upon UV exposure, formation
of isotropic phase (c¢) Thermally- or light-triggered isomerization leading to restoring of the nematic
phase. However, the global alignment is lost. Reproduced with permission from reference 3%, Copyright

2011 John Wiley and Sons.

Ikeda and coworkers have shown that it is also possible to control the bending direction of a LCE film
with linearly polarized UV light (Figure 58).32!%2% Indeed, as it has been described previously (section
2.4.1), polarized light can selectively isomerize microdomains of LCE with dipole moments parallel to
the polarization direction, thus leading to an oriented contraction of the material.***-*3* Upon visible light
exposure, it is then possible to revert the isomerization and to completely recover the material in its initial
state. In that case it is interesting to mention that a unidirectional cyclic motion can be obtained by playing
with the sequence of light polarizations and wavelengths, and thus leading to the increasing production
of work and although extracted from purely reversible molecular switches which do not increase the work

produced on their own scale.
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Figure 58: (a) Structures of the liquid crystalline monomer and cross-linking unit. (b) Pictures of a LC
film actuated using a 366 nm linearly polarized light at, respectively, 0°, -45°, -90° and -135°. After
bending, the film returns to its initial state by visible photoirradiation. The process is completely

reversible. Part (b) is reproduced with permission from reference 52!, Copyright 2003 Springer Nature.

More recently, another approach has been developed by the group of Katsonis.?3* It relies on a weakly
chiral nematic phase in which the helical structures can be disrupted by the photoisomerization of an
azobenzene cross-linker (Figure 59). In that case, the macroscopic actuation is highly dependent on the
angular offset which can be defined as the angle between the mid-plane molecules orientation and the
cutting direction of the material.#>%%3 This time, the process is completely reversible upon visible light
irradiation as there is no need to induce a global alignment of the mesogens as the glass substrate used is

functionalized with a polymer to promote the directional alignment of the liquid crystal.
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Figure 59: (a) Chemical structures of an azobenzene crosslinker and of the R-811 chiral agent used
respectively to form right-handed helices in the LC network. (b) Illustration of the behaviour of the LC
moieties upon irradiation with UV light. A decrease in the order parameter is observed leading to a
contraction of the material along the director and an expansion in the perpendicular direction. (c) Pictures
of different samples cut along various angular offsets (defined as the angle between the mid-plane
molecules orientation and the cutting direction) before and after UV irradiation. Parts (b) and (c) are

adapted with permission from reference 334, Copyright 2014 Springer Nature.

Various parameters have been investigated over the years in order to acquire a better comprehension of
these mechanical behaviors. The research focused mainly on the influence of variables such as molecular
switch concentration, relative position, topology in the network, size of the spacer, etc. As a result, it has
been demonstrated that it is not necessary to introduce large amount of azobenzene to observe a
modification of the mesogens alignment. Indeed, as low as 1 mol% already induce a macroscopic motion
due to the cooperative collapse of the LCE nematic organisation,’!%:836837

While the majority of the systems reported are based on chemically crosslinked polymer networks, a

few materials also showed photoinduced actuation when crosslinked via supramolecular interactions®*%
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840 or not crosslinked at all.®*!842 Moreover, it has been proven that the connectivity of the photoswitch in
the LCE greatly impacts the mechanical response of the material.3**#* If employed as a cross-linking
unit, the azobenzene triggers a stronger response than the same photoswitch used as a simple monomer.33°
Furthermore, it appears that the azobenzene moiety does not necessarily need to be covalently linked to
the LCE network to generate a motion.®* Finally, the length of the spacer between the azobenzene moiety
and the acrylate linker also has to be taken into consideration.®*® Simultaneously, numerous studies have
been done in order to investigate an approach to model and to predict the bending behaviour of such
LCE.}#¢35! Using DFT calculation, they have studied the influence of various parameters such as light
intensity, density of mesogens, as well as orientation,®? 55 but also the different mechanisms involved in
the generation of such motion.?3%863% Despite their demonstrated potential, photoisomerization of
classical azobenzene moieties in LCE can nevertheless face limitations related to the use of UV light,
such as photodegradation and/or formation of 'O, and novel chemical derivatives have been
investigated.®* Clark, Yang and coworkers report the use of an azobenzotriazole derivative (Figure 60a)
in a polyurethane network.®®® Another example consists in using an azobenzene substituted with fluorides
in the ortho positions of its aryl rings (Figure 60b).**>#!8 The trans—scis isomerization occurs under blue-
light energy, and the reverse interconversion under green light. A third approach involves an azobenzene
derivative commonly named azotolane,**! where an alkylbenzene is linked to the para position of one of
the azobenzene aryl rings. In that case, visible light is used to trigger both trans—cis and cis—trans
isomerization.**%863 This photoswitch has been used in some actuators,®®* but it really stands out by its
incorporation to infrared (IR) responsive LCEs. Indeed, Y. Yu and collaborators managed to create a LC

material constituted by azotolanes doped with upconversion nanophosphors (Figure 60c).5%
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Figure 60: (a) Chemical structure of the azobenzotriazole used within a polyurethane network. (b)
Photoisomerization of the trams-fluoroazobenzene and framns-azotolane derivatives. (¢) (i) Chemical
structures of the azotolane monomer and cross-linker used to form LC films, (ii) Pictures of a LC film
containing trans-azotolane and macroscopic response observed upon irradiation at 960 nm, bending
occurs toward the light source. Part (c) is adapted with permission from reference %, Copyright 2011

American Chemical Society.
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The latter is composed of sodium yttrium fluoride as well as thulium cations (Tm>"), which are able to
absorb light at 980 nm and to re-emit it at a lower wavelength. The peak of emission around 475 nm
corresponds to the limit of the photoswitch absorption spectrum. However, overheating by photothermal
effect being a major issue, another alternative has been devised. It is based on triplet-triplet annihilation
procured by a coupling Dbetween  bis(diphenylphosphoryl)anthracene and  platinum-
tetraphenyltetrabenzoporphyrin.3¢® In this system, the required energy input is lowered, thus reducing the
heating of the sample. On the other hand, the wavelength of activation is also decreased to 635 nm in this
very example. Finally, it is also possible to find some systems responding to UV, visible, and IR light.
While it is possible to incorporate compounds displaying two-photon absorption and energy transfer,®’
they usually combine both photothermal and photoisomerization motion, where an IR absorbing

745868 or gold nanorods®® is integrated into the LCE film.

compound, such as graphene oxide

To our knowledge, only two examples of LCE possessing another photoresponsive unit than
azobenzenes have been described so far in the literature. The first one is based on hydrazone
photoswitches and has been developed recently by the groups of Katsonis and Aprahamian (Figure 61).57
Conversely to azo-LCE, the motion in this very system is not triggered by the modification of the order
parameter but by the increase of tension in the polymer chain due to the change of shape of the hydrazone
moiety upon isomerization. Therefore, this photoswitch has to be used as a cross-link agent, and not as a

simple side-chain, in order to produce a bending of the material. Moreover, this hydrazine-based LCE is

thermally stable over long period of time and is thus shape persistent.
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Figure 61: (a) Reversible photoisomerization of hydrazone. (b) Evolution of the bending angle of the
hydrazone-based LCE over time upon exposure to light and shape persistency of the material after 3
months. Part (b) is adapted with permission from reference ®’°, Copyright 2019 American Chemical

Society.

The second photoswitch integrated into such materials is an a-cyanostilbene derivative developed by
H. Zhang and coworkers (Figure 62).34° This novel system stands out as it is not covalently linked to the
LCE and is also thermally stable. Even more interestingly, this material shows a configurable shape
memory: a specific form can be created by localized UV irradiation and then, after mechanical stretching,

this form can be obtained again through a simple heating process.
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Figure 62: (a) Reversible photoisomerization of cyanostilbene. (b) Shape memory of the cyanostilbene-
based material. Part (b) is adapted with permission from reference %*°, Copyright 2013 The Royal Society

of Chemistry.

Applications of light-induced collective motion in LCE can take different aspects and be used for
various purposes; the research in this area has been fruitful for the past 20 years. Many examples are
reported in the literature and we will now try to offer an overview of what has been done so far. The
majority of the papers related to mesogens integrating azobenzene derivatives and generating motion upon

718,748,811,812,841,871-880

light exposure are restricted to the simple bending or change in volume of a LCE

film.%81-882 However, structures involving more complex movements have also been developed, and many

reviews are already covering this topic,’??-800:804-806.810.883-889
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Katsonis et al. achieved a biomimetic complex actuation with LCE incorporating azobenzene
derivatives.®*® Its design relies on alternating stripes of different order parameters. The liquid-crystalline
mixture is sandwiched in a glass cell coated with a rubbed polyimide layer, which induces a parallel
orientation of the mesogens at the surfaces. In a first photopolymerization step under UV light through a
photomask, bars of low order are crosslinked because of the concomitant trans—-cis isomerization of
azobenzene, reducing the order parameter of the liquid-crystalline mixture. In the second
photopolymerization step, the photomask is removed, and the material is crosslinked under visible light
where the photoisomerization of the photoactive unit does not occur, hence preserving the high order of
the liquid-crystalline phase. The LCE is therefore composed of alternating stripes of high and low order
parameters, which do respond equally under UV light; the highly ordered phase contracts along the
director, while the low-ordered phase (almost) does not actuate. With a proper design of the film
geometry, they obtained a fast actuation of the LCE because of the sudden release of potential energy

stored during the irradiation, similar to the motion observe in chiral seedpods (Figure 63).

o
.

Rapid
release

Figure 63: Fast actuation of a patterned liquid-crystalline elastomer due to the strain build-up, similar to
seedpods. (a) Schematic representation of the deformation. The material consists of two stripes put
together. Upon UV irradiation, a slight bending is observed and after further irradiation, the material forms

a tube which will “pop” to release the strain stored in the material. The dark and light bars indicated low-
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order and high-order regions, respectively. (b) Corresponding snapshots of the material. Dimensions:
width ca. 770 mm, length ca. 1.2 cm. Reproduced with permission from reference 3°°, Copyright 2017

John Wiley and Sons.

In order to obtain a steady motion from the conversion of a continuous light exposure, two main
strategies have been developed so far. The first approach rests on the irradiation of the LCE at two specific
wavelengths, each one triggering a different interconversion of the photoswitch. Therefore, the
azobenzene derivatives will constantly move from the trans to the cis isomer in a random manner.
Macroscopically, it will be translated as a perpetual oscillating and chaotic motion of the material upon
light exposure.3!881-895 The most interesting example in this category is represented in Figure 64. Here,
the presence of fluoride substituents allows the material to function under visible light instead of UV,

reducing greatly its degradation over time.
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Figure 64: (a) Structures of the chemical components of the LC film and their respective ratio (in wt%).
(b) Graph plotting the deflection angle versus time under sunlight exposure. (c) Pictures of the LC film
under visible irradiation. Parts (b) and (c) are adapted with permission from reference 3!, Copyright 2016

Springer Nature.

The second approach is also based on the irradiation of the LCE at two different wavelengths
simultaneously, but not at the same position.?*® The system published by Ikeda and co-workers in 2008
can be considered as the first light-fuelled macroscopic motor based on LCE (Figure 65).%°7 A film of LC
mixture is deposited and cross-linked on an oriented substrate and then fixed around two pulleys of
different sizes. On one side, the system is locally exposed to UV irradiation causing the contraction of the
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material. On the other side, the irradiation of visible light leads to an expansion of the material. At the
end, the synchronized motion generates a global rotational movement of the film around the pulleys,
exposing unreacted parts of the film, hence the motor continues its course until one of the lights is
switched off. One should insist on that such a system does not involve any molecular motor, as it is the
case for other categories of materials such as some described in section 4.3, and that the continuous work
produced here only comes from the differential macroscopic manipulations of simple molecular switches.

(a)
O\U/OQ @o HO

LC Cross-linker

AT Sy S

LC Monomer

(b)
Belt Alignment
direction

Axle Pulleys

Figure 65: (a) Structures of the monomer and of the cross-linking agent. (b) Scheme of the experimental
setup of the light-fuelled motor. A LC film is placed around two pulleys and irradiated by UV on one side
and visible light on the other. Contraction of the film followed by its expansion allows the ribbon to move.
(c) Pictures of the rotation of the motor overtime, the white spot can be used as a marker to follow the
rotational motion. Parts (b) and (c) are adapted with permission from reference %7, Copyright 2008 John

Wiley and Sons.
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Even though continuous motions seem promising, only few examples involving LCE can be found in
the literature. However, regarding stepwise motions, many more systems have been elaborated. In
particular, the movement of structures through light irradiation has received a lot of interest in order to
mimic systems found in nature or to develop soft actuators. One of the first published example concerns
a UV-fuelled LCE able to swim at the surface of a solution,3*® and it is only in 2009 that the first example
of a “walker” was elaborated (Figure 66).%° Here, a film of photoresponsive mesogens is fixed on a
substrate and then successively irradiated by UV and visible light. Upon UV exposure, the film expands
towards the flat edge of the substrate, since the sharp side acts as a stationary point. Then the sample is
irradiated by visible light causing the contraction of the material and its displacement in the same global
direction. In the end, this UV-Visible cycle can be repeated numerous times in order to move the system
over greater distances. More complex moving units have been synthesized since then, however their

functioning remains usually based on a similar scheme. The interested readers can also refer to a number

99900-904 905-907

of published articles discussing other “walkers as well as rolling systems.

(b)
< : > _/ CLCP layer
/\ﬂ/ LC Cross-linker OOMO ’ ’]
/YOMOO

OCgH
LC Monomer O o PEﬂm Adh“"mlayer

(c) cLcP (d)

7
Sharp edge
Flat edge

UV light

Stationary
point Extension

l Visible light

Retractio

Stationary point 7

111



Figure 66: (a) Structures of the monomer and of the cross-linking agent used to form a LCE. (b)
Schematic representation of the structure organization of the photomobile material. The Crosslinked
Liquid-Crystal Polymer (CLCP) is attached to a PE film. (c) Illustration of the mechanism involved in the
motion of the material. Upon UV irradiation, the LC film expands forward as the sharp edge acts as a
stationary point. Then, when irradiated by visible light, the LC film contracts, and the material retracts
toward a new stationary point. (d) Pictures of the LC film motion overtime, induced by the successive
irradiation of the material by UV and visible light. Parts (b-d) are adapted with permission from reference

899 Copyright 2009 The Royal Society of Chemistry.

Photoresponsive LCE are particularly adapted to be used as soft actuators in the domain of soft
robotics.®*9989% Indeed, being molecularly excited by light, these systems can be remotely controlled
and do not need to possess wires or motors. An interesting system composed of successive LCE films,
fixed on a polyethylene substrate and linked together by joints has been developed in 2010 by the group
of Yu (Figure 67).36* The photoswitch used is an azotolane, allowing the robot to be triggered by visible
light. The local irradiation of the mesogens allows the system to pick, to hold, and to move an object
weighting up to 10 mg, which is around 10 times its own weight. This structure does not show any sign

of deterioration even after several uses.
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Figure 67: (a) Structures of the monomer and of the cross-linking agent used to form a mechanical arm,
whose pictures in action are depicted in (b). (c) Schematic representation of the organization of the robots
at different stages. The black arrows indicate the irradiated areas. Parts (b) and (c) are adapted with

permission from reference %4, Copyright 2010 The Royal Society of Chemistry.

Since then, other examples of LCE clamp have been developed.®¢%°%%°1® However, none of these
systems are completely independent as a real robot should be, they still require controlled and localized
irradiations to move in a coordinated manner. To this end, more complex systems have to be elaborated,’!!

often inspired by what can be observed in nature.”'? For instance, a fully automated artificial flytrap has
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been recently devised by Priimagi and co-workers.”!? Its chemical design is relatively simple as it is
constituted by a photoresponsive polyvinyl alcohol substrate doped with azobenzene derivatives, leading

to a material capable of contracting upon UV irradiation (Figure 68).
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Figure 68: (a) Structures of the monomer and of the cross-linking agent, as well as the azobenzene dopant
used to form a fully automated artificial flytrap. (b) Illustration of the system. At first, the object is out of

the field of view, thus, it does not reflect the UV light; the trap remains inactive. Once the object is close
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enough, the reflection allows the bending of the LC film, hence the trap is activated. (c) Pictures of the
flytrap in action (Scale bar: 5 mm). The object is trapped and remains captured until the light is switched

off. Parts (b) and (c) are adapted with permission from reference °!°, Copyright 2017 Springer Nature.

An interesting trick was subsequently used in order to implement this material as a smart device: an
optical fiber was inserted in a hole going across the material. In this configuration, when an object enters
its field of view, the UV light coming from the centre of the film is reflected back, hence triggering the
contraction of the material. The object can then be easily released by switching off the source of light. It
is also possible to implement photoswichable LCEs towards the design micro-mechanical devices. The
first example in this direction has been published by Oosten and co-workers, it corresponds to the
elaboration of artificial cilia triggered by light (Figure 69).°'* This paper describes the formation, through
a four-step process, of micro-structured cilia integrating a gradient of nitrobenzene concentration along
the axis of each cilium. This variation of concentration allows the generation of a differential mechanical
response depending of the irradiation wavelength. Upon UV exposure, only the portion containing the
azobenzene cross-linker is bent. On the other hand, visible light leads to the isomerization of
nitroazobenzene monomers, therefore creating a motion in the part of the material presenting an important
concentration of this photoswitch. It is of course possible to combine both wavelengths in order to obtain
a cumulative effect, as both interconversion will be triggered simultaneously. Light-triggered volume-
change of cilia arranged in arrays have also been achieved,’’ as well as the thermocontrol of their

photoinduced motion.”!
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Figure 69: (a) Structures of two azobenzene derivatives used as cross-linking unit and monomer to form
cilia. The two other molecules are used as a host LC matrix. (b) Illustration of the response of the material
to different light irradiation. The red part contains mostly the nitroazobenzene-based LC monomer,

triggered by visible light and the yellow portion is composed mainly of the azobenzene cross-linker, which
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can be isomerized upon UV irradiation. (c) Pictures of the bending of the cilia as a function of light
irradiation (scale bar: 0.5 mm). Parts (b) and (c) are adapted with permission from reference °'#, Copyright

2009 Springer Nature.

Yu and coworkers processed photoactive liquid-crystalline films into microtubules resembling arteries.
Irradiation with the side of a light beam, hence creating a gradient of illumination, causes an anisotropic
extension of the cross-section of the tube; the resulting asymmetric capillary forces drive the motion of
fluids in the tube towards the non-illuminated areas. The major advantage of this approach is that, since
it relies on geometrical considerations, the photocontrolled motion could be achieved with a variety of

different liquids and may therefore be of major interest in microfluidic systems.”!”

2.5.4. Molecular Crystals

We have presented until now the deformation of soft matrices incorporating photochromic molecules.
Instinctively, it seems that achieving such motion in harder materials such as crystals might be
complicated. It has however been reported, notably with systems based on diarylethene molecules.

The first example of the bending of a diarylethene crystal was achieved by Irie and coworkers in 2007,
using a 1,2-bis-(thiazolyl)perfluorocyclopentene motif (Figure 70a).°'® The corresponding crystalline
fiber bend towards the UV light source (A = 365 nm) (Figure 70b), and with a force sufficient enough to

move a gold microparticle (Figure 70c¢).
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Figure 70: (a) Chemical structure of a diarylethene derivative used to form crystals. (b) Bending of this
diarylethene crystal upon light irradiation (A = 365 nm): (i) before and (ii) after UV irradiation. (c) The
crystal deformation could move a gold microsphere (black spot): (i) before and (i1) after irradiation. Parts

(b) and (c) are adapted with permission from reference °'*, Copyright 2007 Springer Nature.

The same group later conducted crystallographic studies to correlate the molecular structure to the
macroscopic motion.’'® They also studied a slightly different diarylethene derivative (Figure 71a) and
determined the molecular packing of the corresponding crystal (Figure 71b). According to their
experiments, the photochromic molecule is thinner once it is isomerized to its closed form, causing the

macroscopic deformation in the ¢ direction of the crystal (Figure 71c).

Figure 71: (a) Chemical structure of a diarylethene derivative used to form crystals. (b) ORTEP drawings

of the diarylethene derivative (i) before and (ii) after UV irradiation, showing a change in dimension
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between the open and closed form of the photochromic molecular. This molecular deformation causes the
macroscopic deformation of the crystal. (¢) Molecular packing of the diarylethene derivative before
irradiation. Parts (b) and (c) are adapted with permission from reference °'°, Copyright 2010 The Royal

Society of Chemistry.

Several other studies have been conducted on thiazolyl derivatives of diarylethene,’**°** but many
examples are also available based on 1,2-bis-(thienyl)-perfluorocyclopentene derivatives.”?**253! Ly et
al. observed the bending of crystals based on naphthylvinyl benzoxazole and naphthylvinyl
benzothiazole.”*?> Kobatake and coworkers reported recently an unusual bending behavior of such a
crystal, that returns back to its initial shape after long UV exposure (A = 365 nm).”?¢ The authors explain
this motion by the existence of several crystalline structures depending on the relative amount of closed
forms of diarylethene derivatives. Bending occurs as the two sides of the crystal possess different

molecular packings, but it comes back to a linear shape once a homogeneous structure is obtained after

long exposure (Figure 72).
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Figure 72: (a) Chemical structure of a diarylethene derivative used to form light-responsive crystals. (b)
Bending of this diarylethene crystal upon light irradiation (A = 365 nm) with (c) the corresponding
schemes explaining the mechanism with the different crystalline structures on each side of the material.
Parts (b) and (c) are adapted with permission from reference °¢, Copyright 2017 American Chemical

Society.

Irie and coworkers also reported a cocrystal of a diarylethene derivative with perfluoronaphtalene,’?
and Morimoto, Uchida, and coworkers published an example with a 1,2-bis-(thiazolyl)-
perfluorocyclohexene.”* Kobatake and coworkers also reported a twisting motion of a crystal of 1,2-bis-
(thienyl)-perfluorocyclopentene derivative.”?’

Several parameters have been systematically studied in order to elucidate more precisely the mechanism
of deformation of the diarylethene crystals, such as the light direction,’® intensity,”*® wavelength,”*! as
well as the crystal thickness.”?>?® Several papers were also focused on the theoretical computation of the
photomechanical motion of these materials.”*”*8

Devices have been developed with diarylethene crystals. Kitagawa, Kobatake, Bardeen, and coworkers
developed an optical setup for the detection of the deflection of a laser beam by a mirror displaced by

diarylethene nanocrystals (Figure 73a).”*° Kobatake and coworkers also reported the use of a gold-coated

diarylethene crystal that acts as an electrical photoswitch (Figure 73b).”*
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Figure 73: (a) Experimental setup for the detection of the deflection of a mirror caused by irradiated
diarylethene nanocrystals. (b) « On » and « off » switching of an electrical circuit with a gold-coated
diarylethene crystal upon irradiation (A = 405 nm). Parts (a) and (b) are adapted with permission from
reference >*°, Copyright 2019 American Chemical Society, and reference **°, Copyright 2015 The Royal

Society of Chemistry, respectively.

Photoactuation of crystals obtained with other photochromic molecules have also been described. Al-
Kaysi, Bardeen, and coworkers reported materials with divinylanthracene derivative.®***> Upon
irradiation with blue light (A = 405 nm), the molecule undergoes a cis-trans isomerization, disrupting the

molecular packing and, hence, causing the crystal bending (Figure 74a).
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Figure 74: (a) (i) Chemical structure and isomerization of a divinylanthracene derivative, which forms
crystals (ii) before and (iii) after UV irradiation (A = 405 nm) (scale bars: 50 um). (b) (i) Chemical
structure and intramolecular proton transfer upon irradiation of the salicylidenephenylethylamines which
form crystals (ii) before irradiation and (7ii) after UV irradiation (A = 365 nm) (scale bars: 100 um). (¢)
Chemical structure and photocyclization of a furylfulgide derivative and its corresponding crystal (ii)
before and (iii) after irradiation (A = 365 nm) (scale bar: 20 um). Parts (a), (b) and (c) are adapted with

permission from reference **!, Copyright 2018 American Chemical Society, reference ***, Copyright 2016
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American Chemical Society, and reference ***, Copyright 2012 The Chemical Society of Japan,

respectively.

Several examples also deal with salicylidene amine derivatives.”***-47 This molecular unit is quite
different compared to all the photoswitches encountered in this chapter, because it undergoes an
intramolecular proton transfer upon irradiation with light (Figure 74b, (i)). Koshima, Asahi and coworkers
reported the bending motion of a microcrystal of this photochrome under UV light (A =365 nm) (Figure
72b, (ii) and (iii)).”* Koshima and coworkers also reported the use of furylfulgide derivatives, which
undergo a photocyclization reaction similar to the one of diarylethenes (Figure 74c, (i)), and indeed

observed the same photomechanical motion as their analogues (Figure 74c, (ii) and (iii)).”**

Finally, we will discuss examples of the literature based on crystals of azobenzene derivatives.?*3 %3

For instance, Koshima et al. observed the bending of a single crystal of a simple 4-

(dimethylamino)azobenzene,’!

as well as the twisting of a crystal based on chiral azobenzene derivatives
upon light irradiation.”* Interestingly, Yu and coworkers reported different modes of deformation of low-

density polyethylene films coated with azobenzene derivatives caused by the photoinduced crystal to

liquid phase transition (and corresponding volume change) of the photochrome (Figure 75).%%%9%¢

C11H230 N,
NQOC11H23

(b) CoHs
(i) (ii) (iii) (iv)

- 4

/ S N
i 1“ 27 Sl ] l 1

Figure 75: (a) Chemical structure of a azobenzene derivative used to form a composite material with

commercially available low-density polyethylene films. (b) Different modes of deformation achieved by
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the composite material upon UV irradiation at different powers. (i) bending, (ii) coiling, (iii) right-handed
helix and (iv) left-handed helix. The dotted black lines highlight the contour of the helical materials. The
955

films have a length between 15 mm and 20 mm. Part (b) is adapted with permission from reference

Copyright 2018 The Royal Society of Chemistry.

Kim, Je, and coworkers described the fabrication of nanoactuators and their bending behavior upon
irradiation with UV light (A = 365 nm).”*” Another interesting example has been published by Norikane
and coworkers, where they achieved the motion of a crystal of an azobenzene derivative.”® The crawling
behavior of the material was done by oblique irradiation of UV light (A = 365 nm) on one side, and visible
light (A = 465 nm) on the other side, so that the motion was attributed to an asymmetric photoinduced

liquefaction and crystallization of the crystal on opposite ends, respectively (Figure 76).%
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Figure 76: (a) Experimental setup for the asymmetric irradiation of an azobenzene crystal. (b) Scheme of

the motion of the crystals induced by the oblique asymmetric irradiation with UV light and visible light.
(c) Motion of the crystalline pieces of azobenzene derivatives observed by laser microscopy, with (i) the
initial state, (ii) after 3 min, (iii) after 6 min and (iv) after 20 min of irradiation. Adapted with permission

from reference *°%, Copyright 2015 Springer Nature.
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2.6. Conclusion

We have painted in this chapter an overview of all the current possibilities offered at the micro- and
macroscopic scales by generating collective motion from simple molecular photoswitches. Many of these
photoswitches have a polarity that depends on their isomeric form, leading to the manipulation of object
driven by surface energy gradients, or to the reversible motion of 3D materials relying on the solvation of
their polymer backbone. Also, azobenzene derivatives have the interesting property of orienting when
exposed to a polarized light beam. When a gradient of intensity is applied over a large area of the material,
it usually gives rise to SRG, while the homogeneous irradiation with of polarized light over a large area
leads to the DPM of the object, depending on its size. The alignment phenomenon can also be focused on
single spots for local photopatterning of the material. In addition, since the isomerization process usually
changes the shape of photochromes, a careful design of the material may lead to a direct amplification of
molecular motion to macroscopic motion, as it has been observed for mono- and bilayers, for crystals,
and for various polymeric materials, either amorphous or liquid crystalline. In combination to these
amplifications, the engineering of supplementary ratchets at the scale of the material, or of anistropic
sequences of light irradiations, can produce oscillations and unidirectional cyclic motions leading to the
continuous production of a work at macroscopic scale. This interesting aspect shows that despite their
simplicity and their perfectly reversible nature as individual units, switchable photochromic molecules
can take advantage of many engineering tools to generate more complex actuations in collective systems,
up to their implementation in macroscopic motors.

In the next chapter, we explore the collective amplification of more complex nanoscale motions

produced by switchable mechanical bonds.
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3. MOTION FROM MECHANICALLY INTERLOCKED MOLECULES

3.1. Introduction to mechanically bonded molecules

The term of “mechanical bond” has been introduced relatively recently and is defined as a topological
link that maintains together — two or several — interlocked molecular subcomponents which could not be
separated without the breakage of at least one of their covalent bonds.”*® Classical examples are catenanes,
where topologically interlocked macrocycles can freely move around one another. In addition of such
mechanical bonds, the introduction of carefully designed molecular stations (i.e. binding sites where the
subcomponents can typically interact by reversible supramolecular bonds) enables to control the relative
positions of interlocked components by changing reversibly their energy profile. Therefore, the
combination of mechanical bonds with molecular stations gives access to mechanical switches capable of
producing internal motions of large amplitude (i.e. larger than those produced by the more classical
cis/trans isomerization processes for instance).'*°%" In this chapter, we will focus on these switchable
mechanically interlocked molecules (MIMs) including catenanes, rotaxanes, and daisy chains. After a
general introduction on their molecular design, we will concentrate on their integration in larger systems
which can mechanically operate at higher length scales. Because the number of examples involving
mechanical bonds are much more limited compared to what has been described with photochromic
switches, we have classified the following examples by types of objects, rather than by types of collective

motion.

3.1.1. Catenanes

The first synthesis of a catenane (and more generally of a MIM) was reported by Wassermann in
1960.°°! During the preparation of an acyloin macrocycle in the presence of a cyclic hydrocarbon, he

observed the formation of a “small but demonstrable yield of a catenane”. This small yield was the direct
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consequence of the low probability for the acyloin to thread the cyclic hydrocarbon before its own
cyclization. For more than 20 years, the synthesis of interlocked structures has been limited by this
statistical approach, until Sauvage and collaborators reported on a synthetic procedure which turned to be
a game changer.”®? In 1983, they indeed managed to synthesize a catenane with a spectacular yield of 42
% by using a template approach to direct the pre-association of a ring and a thread based on coordination
chemistry. Since then, catenanes lost their status of topological curiosities to become readily accessible
molecules. More broadly, this pioneering work on synthetic template strategies opened an entire field of
research to efficiently access all kinds of MIMs.

Further, the group of Sauvage reported the full control over the switching motion of a catenane in
1994 % In a first example, they synthesized a catenane bearing two phenantroline and one terpyridine
which can bind copper ions. The switching motion was triggered electrochemically and then, they
extended this system by adding a second terpyridine leading to a switching motion involving three
states.”® In this famous example (Figure 77a), the Cu(I) atom adopts a preferred tetrahedral geometry and
thus binds with the two bidentate phenantroline ligands (in blue) contained in the two macrocycles. Upon
oxidation of the central copper ion, Cu(Il) is obtained and tends to adopt an octahedral geometry which
is reached by a two-step rearrangement of the molecule. First, one of the rings undergoes a pirouetting
motion in order to expose a terpyridine ligand (in red) to the metal center which becomes transiently
penta-coordinated. Second, the other ring also moves in order to finally surround the central copper with
two terpyridines and to satisfy its preferred octahedral geometry. The process is fully reversible, and the
subsequent reduction to Cu(I) leads back to the initial state via the same penta-coordinated intermediate.
Since this first example describing a synthetic molecular switch based on the controlled sliding motion of

a bistable catenane, other types of stimuli have been successfully demonstrated in the literature.”®
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Figure 77: (a) Chemical structures of the intermediates involved in the red-ox actuation mechanism of
one of the first switchable catenanes. (b) Unidirectional rotation in a [3]catenane. (¢) Autonomous
chemically fueled catenane-based molecular motor. Parts (a), (b) and (c) are adapted with permission from
reference *%¢, Copyright 2015 John Wiley and Sons, reference %7, Copyright 2003 Springer Nature, and

reference *%%, Copyright 2016 Springer Nature, respectively.

In addition, an important question related to the internal motion in catenanes concerns the possible
directional control over the mechanical rotations. The answer to this question by bringing experimental
evidences remained a challenge for years, until the group of Leigh reported in 2003 the unidirectional
rotation of two rings around a larger one in a [3]catenane (Figure 77b).°” This system is chemically
designed on a large macrocycle bearing four different stations on which two smaller macrocycles can
slide. Two stations (light green A and red B) are based on fumaramide groups (with B being methylated
to reduce its affinity with the sliding rings for steric reasons). It is also important to mention here that the

light green fumaramide station A is positioned close to a benzophenone moiety which can act as
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photosensitizer to trigger the E—Z isomerization of station A at a wavelength that does not isomerize
station B. Then, the third station (orange C) is made of a succinic amide ester, and the fourth one (dark
green D) is a simple amide group. The two sliding rings are based on benzylic amide motifs that are able
to selectively interact with the different stations through hydrogen bonding. In the initial state, one of the
rings (in blue) is interacting with station A which is the most favored site of interaction and the second
ring (in purple) rests on the second best station which is the methylated fumaramide B. After irradiation
at 350 nm, an energy transfer from the benzophenone to the fumaramide A triggers the isomerization to
the Z isomer. As a consequence, the blue ring moves to the best available station which is the succinic
amide C, this motion can only occur counterclockwise as the clockwise path is blocked by the purple ring.
In a second step, irradiation at 254 nm results in the isomerization of the methylated fumaramide B. The
purple ring does not interact anymore with station B and thus moves to the only available binding site
which is station D. In a third step, heating or irradiation in the visible range allows the fumaramide stations
to recover their initial £ configurations and, as a consequence, the purple ring will position above station
A, and the blue one over station B. Applying this 3 steps sequence a second time allows to reset the system
in the initial situation, with the two rings having performed unidirectional rotations of 360° each. One
year later, the same group described a system consisting in a [2]catenane where the controlled motion is
unidirectional and reversible.’® In addition, in 2016, they reported the first synthesis of a chemically-
fueled motor capable of functioning autonomously using an information ratchet mechanism (Figure
77¢).”%® The design of this molecular motor is based on a catenane consisting of a large macrocycle that
bears two fumaramide stations (in green) and two fluorenylmethoxycarbonyl (Fmoc) bulky groups (in
red) that can be cleaved in order to allow gliding of the smaller macrocycle made of benzylic amides (in
blue). The autonomous rotation in this system is made possible because the Fmoc blocking group has a
faster rate of attachment on the site far from the blue macrocycle (as compared to the nearest site), whereas

the kinetics of cleavage is the same for both positions. Interestingly, this kinetic bias was shown to induce
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a directional motion within the catenane. At initial time, the fully blocked system is put in presence of
Fmoc-Cl (as chemical fuel), of trimethylamine (to allow the Fmoc cleavage), and of KHCO;3 (to
deprotonate the triethylammonium after cleavage). The clockwise rotation begins by the cleavage of the
Fmoc close to the blue ring, which allows that ring to shuttle between the initial station (at the top) and
the deuterated one (at the bottom). When, the blue ring is at the bottom station, it subsequently favors the
attachment of a blocking group far from the ring (i.e. at the top station). Then, cleavage of the blocking
group from the bottom allows the shuttling between the two stations. But here again, when the blue ring
is positioned on the top station, it favors the attachment of a blocking group at the bottom of the track.
The initial situation is thus recovered when the blue ring has performed a full clockwise rotation. Taking
into account the relative energies of states, the anticlockwise motion is thermodynamically favored;
nevertheless, as it involves the attachment of the Fmoc group close to the blue ring, which is kinetically
disfavored by allosteric interactions, the clockwise motion takes place eventually. This interesting
mechanical system, based on the relative kinetic rates of chemical reactions, was shown to rotate over

360° every 12 hours, and to keep rotating as long as a chemical fuel is present.

3.1.2. Rotaxanes

The first synthesis of a rotaxane — in which a mechanical bond maintains the topological association
between a macrocycle and a thread — was reported by Stoddart and coworkers in 1991.°"° By using a non-
covalent templating strategy, they managed to synthesize a bistable molecular shuttle with both binding
sites being identical, and thus leading on average to an equal distribution of the macrocycle over the two
stations. The same group pushed the approach further in 1994 by breaking the rotaxane symmetry to
access a chemically and electrochemically switchable molecular shuttle (Figure 78a).””! In this new
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design, the two stations of the thread are different and consist of benzidine and biphenol electron donating
groups, whereas the macrocycle is an electron accepting tetracyclophane. Initially, the electron-poor
macrocycle prefers to stay close to the best electron donating benzidine, which results in an 84/16
distribution in favor of the benzidine. Protonation — or oxidation — of the benzidine leads to the appearance
of repulsive positive charges on the benzidine station, with the macrocycle shuttling towards the bisphenol
station with a ratio of 98/2. In this paper, and interestingly enough for the present review, the authors
concluded by pointing out that one of the next challenges faced by scientists would be to “wire” these

molecules to the macroscopic world.
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Figure 78: (a) First example of a switchable rotaxane described in the literature, controlled by either pH

or redox processes. (b) Molecular structure and schematic representation of a tripodal “molecular
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elevator” actuated by pH. (c) Molecular structure and schematic representation of an autonomous linear
motion using the light-driven unidirectional threading of a rotaxane. (d) Operating principle of an artificial
molecular pump based on a rotaxane topology, and capable of concentrating macrocycles on a thread
against entropy. Parts (a), (b), (c) and (d) are adapted with permission from reference '4, Copyright 2006
John Wiley and Sons, reference °’2, Copyright 2004 American Association for the Advancement of
Science, reference °’°, Copyright 2014 Springer Nature, and reference °’*, Copyright 2015 Springer

Nature, respectively.

Shortly after, the same group designed another system where the switching process is controlled only
by pH.?”> In this design, the authors used an axle where the first station is an aliphatic amine and the
second one a bypiridinium. Upon protonation of the amine, the macrocycle (a dibenzo[24]crown-8
(DB24CR)) interacts with the bipyridinium station, whereas the amine in its neutral form has the best
affinity for the macrocycle. This design has been nicely extended for the preparation of a molecular
elevator (Figure 78b).”’? Here, the system consists in a tritopic host containing three DB24C8 units linked
through a triphenylene core. This host is triply threaded by a guest which contains three axles displaying
two stations (one amine and one bipyridinium) linked by a benzene core. 'H NMR, UV-Visible
spectroscopy as well as cyclic voltammetry have been used to demonstrate the pH-controlled motion of
the molecular elevator that can move over a distance of 0.7 nm. During the past 20 years, other outstanding
achievements have been reported using rotaxanes. For instance, light has been used to fuel their shuttling
process,”’® they have been implemented to design an information ratchet’’’ as well as a peptide
synthesizer,”’® and unidirectional motion has been reached.”” In a recent example, the group of Credi
reported an elegant system with a minimalistic molecular design that can function out of thermodynamic
equilibrium (Figure 78¢).”’® This pseudo-rotaxane (that is without bulky stoppers) is built on an

azobenzene switch linked to a secondary ammonium and a cyclopentadiene moiety. When the azobenzene
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is in its E configuration, the macrocycle can be threaded and interacts with the ammonium. Upon
photoswitching of the azobenzene, the interaction between the macrocycle and the ammonium is
destabilized due to steric reasons and it results in the dethreading of the macrocycle. Interestingly, and
also for steric reasons, the direction of the threading preferentially occurs by the £ azobenzene tip, while
the dethreading occurs by the cyclopentadiene one. In addition, the same wavelength can be used for the
E—Z as well as the Z—FE isomerizations at 365 nm. This implies that, upon constant irradiation, the
macrocycle is continuously (and directionally) threaded when the azobenzene is in its £ configuration,
and is continuously (and directionally) dethreaded when the azobenzene switches to its Z configuration.
Overall, this biased operational principle could be envisaged as an element of a molecular pump that
would concentrate macrocycles on an axle. Such a molecular pump capable of concentrating rings on a
thread was achieved in 2015 by the group of Stoddart (Figure 78d).°’* Here, on the one hand, the dumbbell
part is composed of a dimethoxypyridinium acting as an electrostatic stopper, a viologen dicationic
station, an isopropylphenyl, a triazole, an alkyl chain, and a tilted diisopropylphenyl stopper. On the other
hand, the macrocycle that can be pumped on the rotaxane consists of a cyclobis(paraquat-p-phenylene)
tetracationic ring. Upon reduction, the resulting dicationic diradical ring can interact with the cationic
radical viologen unit of the dumbbell to form a stable tricationic triradical complex between the axle and
the threaded macrocycle. Subsequent oxidation destabilizes the inclusion complex by electrostatic
repulsion, and the macrocycle is pushed away from the viologen with sufficient potential energy to pass
over the tilted diisopropylphenyl unit and to sit on the alkyl chain. This occurs without dethreading
because of the higher energy to cross the bulky diisopropylphenyl stopper from the other direction. This
red-ox cycle can be repeated to pump another macrocycle against entropy with the same operation

principle.

3.1.3. Daisy-chains
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In 2000, Sauvage and coworkers described the first example of a bistable [c2]daisy chain which was
nicknamed by the authors as a “molecular muscle” (Figure 79a).°*° Indeed, upon actuation, an immediate
analogy exists between the sliding motion observed in such a synthetic system and the gliding motion of
a sarcomere unit within muscular tissues. Chemically, this bistable [c2]-daisy chain is composed of two
interpenetrating rotaxanes, each one made of a macrocycle covalently attached to an axle. Each axle
contains two binding sites (one terpyridine and one phenantroline), and each macrocyle contains a
phenantroline unit. The operating principle is based on the difference of affinity of these binding sites
between two metal cations, namely Cu(I) and Zn(Il). In the initial state, two Cu(I) ions bind two
phenantroline ligands with a tetrahedral geometry. Subsequent removal of Cu(I) ions by KCN and
addition of Zn(II) ions triggers the sliding motion as the Zn(II) ions prefer adopting a pentacoordinated
geometry involving one phenantroline and one terpyridine ligand around the metal center. This sliding
motion results in a net contraction of the daisy chain of about 1 nm, which is 22 % from its original size

(a relative variation similar to the one observed in sarcomeres).
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Figure 79: (a) Molecular structure and schematic representation of the first example reported in the
literature describing the double-threated topology of a [c2]daisy chain rotaxane. (b) Chemical structures
and actuation principle in [c¢3] and [c4]daisy chain rotaxanes that can switch between 2D and 3D
structures. (¢) Chemical structures and schematic actuation of a [c2]daisy chain embedded in the main
chain of a polycaprolactone; the mechanical switch is accompanied by a global change of the polymer
chain from a linear to a macrocyclic topology. Parts (a), (b) and (c) are adapted with permission from
reference !4, Copyright 2006 John Wiley and Sons, reference *®!, Copyright 2016 Springer Nature, and

reference %2, Copyright 2017 American Chemical Society, respectively.
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In 2008, the groups of Stoddart and Coutrot described independently pH-switchable [c2]daisy chains.
In Stoddart’s design, the macrocycles are based on DB24C8 crown ethers whereas the two stations consist
in a secondary ammonium and a bipyridinium.”®® Initially, the macrocycles sit on top of the ammonium
stations but upon deprotonation, the electron-rich macrocycles slide towards the bipyridinium stations
resulting in a 29 % reduction of size. Using the same macrocycle and the same first ammonium station,
the group of Coutrot designed another pH-switchable [c2]daisy chain.”®* In this example, the authors used
mannosyl stoppers which were introduced through copper-catalyzed azide-alkyne cycloaddition
(CuAAC). The triazole ring formed during the “click” reaction was then methylated to form a
methyltriazolium, and thus providing a second competing station for the macrocycle. The use of the
CuAAC reaction has proved here to be particularly useful as it allows to attach a stopper and at the same
time to provide a second station for an electron-rich macrocycle. This strategy to obtain pH-switchable
daisy chains has since been reported in the preparation of other [¢2]daisy chains,’® including unsymmetric
ones.”® In addition, various research groups developed new [c2]daisy chains for which the linear
contraction / extension can be triggered by different stimuli such as light,”®” solvent polarity,”®® or even
electric field.”® Very recently, the group of Chiu showed the possibility to access daisy chains of higher
order (namely [¢3] and [c4]) that are able to contract and extend in the 2D and 3D spaces (Figure 79b).”%!
The chemical design is based on a thread featuring urea and bipyridine binding sites, and macrocycles
that contain pyridine ligands. Depending on the size of the linker and on the stoichiometry, it is possible
to access trimers and tetramers in presence of Zn(Il) ions which chelates to both the bipyridine and the
pyridine. After removal of Zn(II) ions by addition of a competing ligand, the macrocycles slide towards
the terminal urea stations. Upon actuation, the trimer switches between a contracted and a stretched
triangular geometry, whereas the tetrameric assembly switches between a contracted 2D square planar

geometry and a stretched 3D tetrahedron. Interestingly, in another approach to change the topology of

such a MIMs upon actuation, the group of Takata has introduced a [c2]daisy chain at the center of a
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polycaprolactone polymer chain (Figure 79¢).”*? The hydroxyl-terminated polymer was reacted with 3,5-
dimethylphenylisocyanate in order to introduce a stopper and also to generate a second station (a
carbamate) for the macrocycle. In the initial state, the macrocycles sit around the central ammonium
stations, and the actuation is performed upon acetylation with acetic anhydride which hinders the central
ammonium stations. As a consequence, the macrocycles slide towards the terminal carbamate stations.
This process is accompanied by a spectacular switch in topology, as the polymer chain goes from a linear
geometry to a macrocyclic one.

We have seen in the introduction of this chapter a selection of switching systems based on mechanical
bonds, displaying various kinds of molecular architectures and topologies, and which can be actuated by
various stimuli. In the next sections, we will show how chemists have succeeded in integrating such MIMs
in larger systems in order to transfer their collective motion over larger length scales and up to our

macroscopic world.

3.2. Collective motion from mechanically interlocked molecules

As described in the above introduction, initial efforts related to mechanically interlocked molecules
have focused on their synthesis and their study as individual actuating units.”**’! In this section, we will
highlight how the molecular motions of molecular catenanes, [n]rotaxanes and [c2]daisy chains can be
used to produce new functions at higher length scales by collective actuations.

3.2.1. Collective motion from catenanes

The general topology of catenanes has been significantly diversified by synthetic chemists in order to
build architectures of increasing complexity such as [n]catenanes, Salomon links, Borromean rings, etc.”®

Although, these structures have also been inserted into main-chain and side chain polymers, into MOFs,

and even anchored on surfaces, the study of their concerted dynamics at higher scales has remained limited
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to date. The first example featuring a response corresponding to the collective motion of catenanes in a

device was reported 20 years ago by the group of Stoddart (Figure 80).7%2
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Figure 80: (a) Chemical structure of the [2]catenane used by the group of Stoddart to build the first
molecular switch tunnel junction from MIMs (i) Reduced form of the [2]catenane and (ii) schematic
representation of its behavior in a Langmuir monolayer with DMPA™ at the air/water interface, (iii)
Oxidized form of the [2]catenane and (iv) schematic representation of its behavior in a Langmuir
monolayer with DMPA" at the air/water interface; DMPA: dimyristoylphosphatidyl; (b) Current-Voltage
hysteresis loop of a device build from a Langmuir monolayer made of these catenanes and recorded at
291 K (c) Performance of this device in terms of measured resistance at 0.1 V upon several on/off cycles.
Panels (a) (i, iii), (b) and (c) are adapted with permission from reference *°2, Copyright 2000 American

Association for the Advancement of Science. Panels (a) (i7, iv) are adapted with permission from

reference ?°, Copyright 2005 Springer Nature.
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The MIM used in the device consisted in an electrochemically switchable bistable [2]catenane built
from a cyclophane ring with two bipyridinium stations on one hand, and a crown ether macrocycle with
two opposite stations, namely a tetrathiafulvalene (TTF) and a 1,5-dioxynaphtalene, on the other hand.***
A Langmuir monolayer composed of these interlocked molecules on supporting phospholipids was
sandwiched between a 7 um-wide n-type poly-silicon bottom electrode and a 10 pm-wide titanium-
aluminum top electrode. The electrical response of this device was characterized by a large hysteretic
current voltage behavior (Figure 80b) associated with the bistable nature of the [2]catenane, that is only
slightly pronounced when analyzed in solution. The device could be switched on and off by applying +2
V and -2 V respectively and, cycled several times (up to few hundred times over a period of 2 months
under ambient conditions, Figure 80c) without loosing efficiency. This work demonstrate the possibility
to access molecular switch tunnel junction (MSTJ) devices with a global electrical response originating
from the molecular level and with possible applications as memory devices. A similar MSTJ device was
also obtained using a similar [2]catenane with diazapyrenium stations instead of bipyridinium ones and
single-walled carbon nanotubes as bottom electrodes.”

Some years later, the groups of Stoddart and Grzybowski reported the functionalization of metal
nanoparticles (gold, palladium and platinum) with similar redox-active catenanes.””® Interestingly,
oxidation of the [2]catenane-functionalized gold nanoparticles using iron perchlorate (III) resulted in an
increase by a factor of ~1.5 of the zeta potential of the nanoparticles in agreement with the oxidation of
the MIM from 4+ to 6+ (Figure 81a). This process could be cycled several times in a reversible manner
in the presence of ascorbic acid as reducing agent (Figure 81b). Cyclic voltammetry experiments of these
functionalized nanoparticles showed similar oxidation and reduction peaks compared to the free catenane
in solution but with much higher values (~ +300 mV for each peak, Figure 81c) as a result of a high
density of positive charges on the surface leading to a destabilization of the oxidized tetrathiafulvalene

units in comparison to the solution. Overall, these examples demonstrate the ability of redox-sensitive

139



[2]catenanes to work in concert at surfaces even in dense molecular arrays, and to produce functional

Macroscopic response.
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Figure 81: (a) Schematic representation of gold nanoparticles decorated with redox-active [2]catenane,
their respective zeta potential and the chemical structure of the ligands; (b) Evolution of the zeta potential
of the functional nanoparticles upon chemical oxidation and reduction; (c) cyclic voltammogram of the
free catenane in solution (black) and of the [2]catenane-functionalized gold nanoparticles with a fractional

coverage of 0.50 (purple). Adapted from reference **°, Copyright 2009 American Chemical Society.

Alternatively, the group of Rowan studied the reversible stimuli-responsive behavior of
poly[n]catenanes in solution and in the bulk (Figure 82).°7 A new synthetic methodology was designed
—involving first the formation of a metallo-supramolecular polymer, followed by a ring closing metathesis
step, and finally a demetallation — to access these mechanically interlocked polymers as a mixture of
branched, linear, and cyclic architectures. Further separation by preparative gel permeation

chromatography afforded four fractions, the main one (60 %) being constituted of mainly linear poly[7-
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27]catenanes (85 %) and cyclic poly[4-7]catenanes, as determined using a combination of 'H NMR,
MALDI-TOF and multi-angle light scattering experiments. Interestingly, upon addition of Zinc ions
which can bind the BIP ligands of the catenane, an increase of the hydrodynamic radius in solution was
observed for both the predominantly linear and branched polymers (~70 % and ~50 % respectively), while
almost no effect was observed for the cyclic one (Figure 82a). DSC analysis of the bulk materials indicates
that metallation induces an increased glass transition temperature (7,) for the linear and branched
polycatenanes, in agreement with a reduced flexibility of the structures (Figure 82b). This work
demonstrates the first example of collective motion of catenanes in a polymeric structure by making use

of changes in the conformational flexibility of the macromolecule.
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Figure 82: (a) Reversible evolution of the hydrodynamic radius (Rn) of a linear poly[n]catenane upon
metallation/demetallation; (b) Evolution of the glass transition temperature (Tg) of a linear

poly[n]catenane upon metallation/demetallation as indicated by DSC analysis; (c) Chemical structure of
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the two rings that compose the poly[n]catenanes. Adapted from reference *°’, Copyright 2017 American

Association for the Advancement of Science.

More recently, pH- and temperature-sensitive [2]catenanes were inserted as reticulating units in
poly(ethylene glycol) chains using thiol-ene chemistry (Figure 83).°”® While hydrogen bonding
interactions between the rings are favored for pH values above 7, a decrease in pH leads to an increased

mobility of the rings as illustrated by '"H NMR.
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Figure 83: (a) Chemical structures of the polyethylene glycol chain and of the [2]catenane used to build
a chemical gel with MIMs as reticulating units; (b) Evolution of the material upon pH stimulation.

Adapted with permission from reference *°%, Copyright 2017 John Wiley and Sons.

In the chemical gel, the rigidity of the material was reduced at low pH as determined by measurements
of the storage and loss moduli. Similar observations were made when measuring the rheological properties
of the material at high temperatures. Tensile stress-strain measurements on the chemical gels at low (1.7)
and neutral pHs further demonstrated the reversible soft and tough characters of the materials respectively,

in agreement with a more constrained material at neutral pH. Comparison with control gels, i.e. with either
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blocked hydrogen bonding interactions or without catenane but a cross-linked chemical network, indicate

that the “motion” of the rings is responsible for the mechanical behavior of the gel.

3.2.2. Collective motion from rotaxanes

Inspired by their success on using bistable [2]catenane as active unit in MSTJ devices,”®? Stoddart,
Heath and co-workers further studied the behavior of a series of [n](pseudo-)rotaxanes at surfaces using
an electrical stimulus. The molecular structures consisted in an axle bearing one TTF and one 1,5-
dioxynaphtalene (DNP) units as stations surrounded by a cyclobis(paraquat-p-phenylene) (CBPQT*")
macrocycle.””” The Langmuir monolayer made of the [2]pseudorotaxane was transferred to a n-type
polycrystalline (poly-Si) bottom electrode and further covered with a titanium-aluminum top electrode
(Figure 84a(i))."% The corresponding MSTJ device was characterized by a hysteretic current-voltage
response between two conductivity states (high and low). Compared to the same device made of the
bistable [2]catenane, larger conductance changes (10? compared to 2-3) were recorded between the
switch-open and switch-closed states, but the devices exhibited lower cycling reproducibility. This was
explained by the presence of domain structure in the Langmuir monolayer as observed by Brewster angle
microscopy. Importantly, the bistable nature of the rotaxane proved to be of particular importance to reach
devices with good general performances. By introducing a bulky hydrophilic stopper on the bistable
[2]pseudorotaxane thus leading to a bistable [2]rotaxane, the same groups demonstrated the absence of
structure domains, due to a higher molecular area (Figure 84a(ii)).!°! This amphiphilic interlocked
structure was then studied in micrometer- and nanometer-scale MSTJ devices (Figure 84b). Electrical
signatures similar to the ones recorded for the [2]catenane, namely large hysteretic current-voltage
behavior, opening and closing voltage at +2 V and -2 V respectively, were measured for both devices. In
the case of the nanometer-scale one, up to 35 opening/closing cycles were recorded without losing
efficiency.
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devices; (b) Working principle of a molecular switch tunnel junction (MSTJ) based on [2]rotaxane: (i)
Ground state device with the CBPQT*" macrocycle (dark blue) surrounding the TTF station (green) — this
state presents a low conductance, (7i) Oxidation of the TTF units (2e-, pink) using a positive bias and (7ii)
subsequent shuttling of the CBPQT*" macrocycle to the DNP unit (red), (iv) Reduction of the oxidized
TTF unit when the electrical bias is lowered to ~0V — this state presents a high conductance, (v) Reduction
of the cyclophane macrocycle to its radical dication (orange) using a negative bias and (vi) subsequent
shuttling of the macrocycle to the TTF unit (green), further increase of the electrical bias to ~0V
regenerates the ground-state device (i). Reproduced with permission from reference !4, Copyright 2006

John Wiley and Sons.

By slightly modifying the chemical nature of the TTF unit (Figure 84a(iii)), the micrometric MSTJ
devices were subsequently used to fabricate 2D crossbar circuits, in order to produce 64-bit random access
memory devices which could be cycled several times. Importantly, in subsequent work, the group of
Bjornholm demonstrated by surface-sensitive synchrotron X-ray reflectometry that the motion of the

cyclobis(paraquat-p-phenylene) ring of such [2]rotaxane can be efficiently controlled by a redox process
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within a densely ordered Langmuir monolayer.!°? Some years later, the groups of Stoddart and Heath
succeeded in producing a 160-kilobit molecular electronic memory fabricated at a density of 10'! bits.cm”
21003 The crossbar memory device was built by sandwiching a monolayer of an analogous bistable
[2]rotaxane between 400 Si bottom-nanowire electrodes crossed by 400 Ti top-nanowire electrodes. Each
cross-section of the electrodes was considered as an individual MSTJ device containing ~100 interlocked
molecules. Although a large number of defects of several types were detected by electrical testing, and
although failures of the device occurred after cycling for more than ten times, the crossbar memory device
could be operationally used to store and retrieve information. However, this lack of robustness along with
some engineering issues have currently limited the use of this technology as the next-generation of
memory device, 0041005

The groups of Stoddart and Ho also studied the switching ability of bistable [2]rotaxanes preorganized
in densely-packed Langmuir films using a chemical oxidant and a reducing agent as stimuli.!?*® First,
[2]rotaxane molecules were dispersed over an aqueous subphase, and a chemical oxidant (Fe(ClO4)3) was
further injected into this aqueous phase while compressing the monolayer (Figure 85a-b). By monitoring
the evolution of the surface pressure as a function of mean molecular area, the authors could demonstrate

that the threaded molecules present a switching behavior similar to the one observed in the non-

pressurized state (Figure 85c¢).
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Figure 85: (a) Chemical structure of an amphiphilic [2]rotaxane and schematic representation of its redox
behavior; (b) Schematic representation of the procedure used to induce oxidation of [2]rotaxane while
building a highly packed Langmuir film, Step 1: dispersion of the reduced [2]rotaxane over an aqueous
subphase, Step 2: Injection of a chemical oxidant (Fe(ClO4)3) into the subphase and simultaneous
compression of the subphase, Step 3: formation of a Langmuir monolayer with oxidized [2]rotaxanes; (c)
Evolution of the surface pressure as a function of mean molecular area for Langmuir films built from the
starting rotaxane upon oxidation during the formation of the Langmuir monolayer according to (b) and at
two different pressures (blue and black), comparison with the isotherm curves obtained directly from the
4+ (green) and 6+ (red) rotaxanes. Adapted with permission from reference '°°°, Copyright 2004

American Chemical Society.

Subsequently, the Langmuir monolayers were transferred to silicon dioxide substrates and the shuttling
motion was monitored by X-ray photoelectron spectroscopy (XPS). This technique revealed in a
quantitative manner that a complete movement of the ring occurs from one station to the other when these
solid substrates are immersed in an oxidant solution. An identical behavior was observed on Langmuir-

Blodgett double layers but only for the molecules involved in the outermost layer of the film. The results
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were very encouraging for the use of rotaxanes as mechanical units in nanometric chemomechanical
systems. To reach such objectives, the same groups designed a bistable [3]rotaxane bearing two TTF and
two naphthalene stations on the dumbbell surrounded by two cyclobis(paraquat-p-phenylene) rings which
served as attachment points to a gold surface (Figure 86a).!%7-10% A self-assembled monolayer of these
molecules deposited on a gold-coated silicon cantilever array was sequentially immersed in an aqueous
solution of oxidant and of reductant under constant flow. The deflection of a laser beam was then used to
monitor the mechanical bending of the cantilever as a result of the cooperative motion of the [3]rotaxanes.
Reversible bending of the cantilever array was observed up to 25 times with a noticeable decrease of the
deflection at each cycle due to chemical and/or physical passivation such as degradation of molecules and

movement of gold atoms (Figure 86b).
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Figure 86: (a) Chemical structure of a [3]rotaxane used to functionalize a cantilever array and schematic
representation of the bending occurring upon oxidation; (b) Evolution of the deflection of a laser beam
upon successive oxidation / reduction cycles (up to 25); (c) Experimental set-up used to electrochemically
actuate the cantilever array. Panels (a-b) are adapted with permission from reference **°, Copyright 2012
John Wiley and Sons. Panel (c) is reproduced with permission from reference '°%°, Copyright 2009

American Chemical Society.
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Control experiments further confirmed that the redox-controlled molecular motion of the macrocyclic
rings is the only collective phenomenon at the origin of the deflection of the beam. The experimental
deflection of the cantilever beam was found to be in good agreement with theoretical predictions, which
consider that 6 billion of individual “molecular muscles” are required to fully cover the surface. Further
work demonstrated that the same nanomechanical device can be controlled electrochemically using
oxidizing (> +0.4 V) and reducing (< +0.2 V) potentials (Figure 86¢).!°” Compared with the use of a
chemical oxidant as stimulus, this device operates more easily (no need to alternate the redox solution),
much faster (~40 seconds for a cycle vs. ~10 minutes), and with larger responses (up to 550 nm vs. max
40 nm). Nevertheless, these improved performances were also accompanied by a so-called “creep”
phenomenon which was attributed to the reorganization of molecules at the surface. These examples
clearly highlight the possibility for [3]rotaxane to work in concert in order to produce a higher scale
motion.

Based on their experience in using bistable [n]rotaxanes in a cooperative manner in nanomechanical
and molecular electronics devices, the groups of Stoddart and Huang further demonstrated that the
plasmonic properties of a gold nanodisc array can be switched by controlling the redox-state of bistable
[2]rotaxane molecules (Figure 87).!°1° In solution, such molecules display different extinction spectra and
a wavelength-dependent refractive index for their ground and oxidized states, which could be used to
control the local surface plasmon resonance (LSPR) properties of metal nanoparticles. Thus, gold
nanodisk arrays were coated with a monolayer of [2]rotaxanes using gold thiol chemistry. Using optical
extinction spectroscopy, a red shift by ~10 nm of the LSPR peak at 690 nm of the gold nanodisk was
monitored upon chemical oxidation with Fe(ClO4)3 (Figure 87b). Reversibility of this peak was observed
when immersing the nanodisk in an aqueous solution of ascorbic acid, and over several redox cycles. A
modification of the refractive index of the nanodisk from 1.31 to 1.37 accompanied this change in the

LSPR peak position upon oxidation. Control experiments with bare naodisks and nanodisks decorated
148



only with the dumbbell confirmed that the observed optical phenomena are uniquely related to the

synchronized switching mechanism of the rotaxane.

(a) (b)

Figure 87: (a) Schematic representation of a gold nanodisk functionalized with a redox-active [2]rotaxane
and its chemical structure; (b) Extinction spectra of the [2]rotaxane-functionalized gold nanodisk array
just after functionalization (green), after oxidation (red) and after subsequent reduction (dashed green).

Reproduced from reference *°, Copyright 2012 John Wiley and Sons.

More recently, the group of Stoddart in collaboration with the one of Guo reported the successful
construction of a hybrid redox-bistable [2]rotaxane-graphene photoswitch with interesting electronic
properties.!?!! The device consisted in a conductive single-layer graphene sheet, non-covalently decorated
by a monolayer of light-responsive bistable [2]rotaxanes (Figure 88a). Characterization by UV-Vis
absorption, XPS, Fourier transform infrared and Raman spectroscopies confirmed the successful grafting
of the MIMs at the graphene surface. Upon reduction using triethanolamine and light under air-free
conditions, shuttling of the CBPQT** ring from the DNP station to the bipyridinium unit induced a large
decrease (~12 %) in the source-drain current of the graphene, which could be reversibly restored in the
dark and in the presence of oxygen (Figure 88b). Importantly, the low conductance state observed in the

reduced form could be maintained if the device was stored under oxygen-free conditions, either with or
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without light. Following a series of control experiments, the authors demonstrated that the photoswitching

properties are directly related to the light-directed actuation of the [2]rotaxane molecules, which leads to

the formation of a very stable bipyridinium/CBPQT?"") complex that confers a non-volatile stability to

the device (Figure 88c).
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Figure 88: (a) Schematic representation of the redox-responsive graphene transistors built using a single

monolayer of [2]rotaxanes and its chemical structure; (b) Evolution of the source-drain current (/p) of the

devices with time under different conditions, TEOA: triethanolamine; (c) Schematic representation of the
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concerted reduction occurring at the rotaxane level during photoswitching. Adapted with permission from

reference '°'!, Copyright 2013 John Wiley and Sons.

The actuation of [2]rotaxanes has also been used to control the wettability of surfaces. For instance, the
group of Willner reported the formation of a self-assembled monolayer of monostable redox-active
[2]rotaxanes directly on a gold electrode (Figure 89).!%'2 Upon reduction, the CBPQT*" ring is dissociated
from the mn-donor diaminobenzene unit and shifted toward the electrode, while oxidation restores the
original position, as characterized by chronoamperometry and impedance experiments. By combining in
situ electrochemical measurements with contact angle experiments, modification of the surface properties

from hydrophilic to hydrophobic occurred upon reduction and in a reversible manner over several cycles.

Figure 89: (a) Electrochemical switching on an imine-based [2]rotaxane immobilized on a gold surface;
(b) Contact-angle measurements performed on the functionalized surface in the oxidized state a and
reduced state b; (c) Variation of the contact angle values measured over 3 cycles of in-situ electrochemical
switching of the rotaxane. Adapted with permission from reference !°'2, Copyright 2004 American

Chemical Society.
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Shortly after, the groups of Leigh and Zerbetto reported the formation of a photoresponsive surface built
from photo-switchable bistable [2]rotaxanes physisorbed on a gold surface modified with a thiol linker
(Figure 90).!1°13 This device is based on the E—Z photoisomerization of a fumaramide station, which

induces a shuttling of the catenated macrocycle to a tetrafluorosuccinamide station (Figure 90a).
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Figure 90: (a) Chemical structure of the bistable [2]rotaxane studied by Leigh and its reversible
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photocontrolled switch; (b) Schematic representation of the gold-surface modified by the physisorbed
rotaxanes and the associated change in surface properties; (c) Evolution of the transport of a drop of
iodomethane on a 12° incline surface over time, (i): 0 s, (i) 160 s, (iii) 245 s and (iv) 640 s of UV
irradiation. Panels (a-b) are reproduced with permission from reference **°, Copyright 2009 The Royal
Society of Chemistry. Panel (c) is reproduced with permission from reference '°'3, Copyright 2005

Springer Nature.
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Contact angle measurements were used to monitor the evolution of the surface properties after
irradiation with UV light. For several low-volatility liquids including water and diilodomethane, a decrease
in the contact angles occurred after irradiation because of the motion of the macrocycle towards the
fluoroalkane residues present on the dumbbell. Interestingly, when a drop of diiodomethane was irradiated
on one of its side with a perpendicular beam of light, one can observe the unidirectional motion of the
drop at the micrometer scale in the direction of the light irradiated surface due to modification of the
surface energy, following the same principle as for surfaces functionalized with azobenzene (see Section
2.2.1). Such drop could even be transported over ~1.4 mm against gravity on a 12° incline surface (Figure
90c). Considering that ~2 * 10'2 molecules are located under the drop before transport and that only 40
% of them are properly isomerized during the transport, the authors estimated to ~9 kJ.mol! the
contribution of each molecular machine to the collective motion against the gravity, which represents ~50
% of the absorbed photon energy. More recently, the groups of Schalley and Unger designed a new series
of bistable [2]rotaxanes reversibly switchable using chloride anions.!?'* These rotaxanes were either
covalently attached to a gold surface via an azide-alkyne click reaction leading to the formation of an
ordered monolayer, or polymerized by supramolecular terpyridine/iron interactions to produce multilayer
surfaces (Figure 91). Characterization of the mono- and multilayer (up to 20 layers of rotaxanes) surfaces
was achieved thanks to a combination of spectroscopic and imaging techniques. Upon addition of chloride
anions, these surfaces showed a decrease of their contact angles by ~20°, which could be attributed to the
switching of the macrocycle from one station to another. Additional near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy provided further evidence for the collective motion of the threaded
structures at the surface in ordered well-packed mono- and multilayers. Based on these experiments, the
authors proposed that the switching process occurs through a nucleation/growth mechanism, which
consists in a) the switching of one rotaxane as a rate-limiting step, b) the formation of a small nucleus of

switched rotaxanes necessary to induce c¢) the quicker switching of the neighboring rotaxanes. The same
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group subsequently developed a photoactivable [2]rotaxane which motion could be controlled over

1015

several cycles in a monolayer deposited on glass and silicon surfaces.

Figure 91: Chemical structure of the [2]rotaxane developed by the groups of Schalley and Unger which
can be polymerized on surfaces by metal-ligand interactions to form chloride-responsive multilayers.

Adapted with permission from reference '°', Copyright 2015 American Chemical Society.

Finally, by covalently anchoring bistable redox-switchable [2]rotaxane on silica nanoparticles, the
groups of Stoddart and Zinck demonstrated their possible utility for the controlled release of guest
molecules (Figure 92).1°1%107 The [2]rotaxane used to form the molecular valve is very similar to the ones
previously mentioned that operate at surfaces. Porous silica nanoparticles (MCM-41) with an average
diameter of 620 nm and with pore size of 1.5-2.0 nm were functionalized with these threaded structures
using urethane chemistry. The nanovalves were originally synthesized as open forms, loaded with guest
molecules such as luminescent iridium complexes Tris(2,2’-phenylpyridyl)iridium(III) or rhodamine B,
and finally closed by adding a chemical oxidant (Fe(ClO4)3). Upon addition of ascorbic acid with switches
the CBPQT*" macrocycle from the dioxynaphthalene to the TTF stations, fluorescence spectroscopy
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showed an immediate and fast increase of the emission intensity, in agreement with the release of the
guest molecules. Precise location of the rotaxanes on the nanoparticles, and modification of the size of
the linker depending of the size of the molecules to release, are among important parameters to achieve a

controlled release of the guests.!?!’

Figure 92: Schematic representation of silica nanoparticles decorated by [2]rotaxanes, their loading with
guest molecules such as Rhodamine B or iridium complexes (Step 1); closing of their pores after oxidation
of the TTF stations (green) (and shuttling of the CBPQT macrocycle (blue) over the DNP station (red))
(Step 2); opening of the pores upon addition of ascorbic acid to reduce the TTF unit (Step 3); releasing of
the guest molecules (Step 4). Reproduced with permission from reference '°%, Copyright 2012 The Royal

Society of Chemistry.

Some years later, in a more fundamental study, the group of Stoddart in collaboration with the one of
Grzybowski reported the functionalization of metal nanoparticles with bistable redox-switchable
[2]rotaxane.!?!® Similarly to their observations on gold nanoparticles decorated with [2]catenanes,’®® they
showed that the rotaxane-based gold nanoparticles can change their zeta potential upon oxidation (from

+20.1 mV to +30.4 mV in the reduced and oxidized forms respectively) in a reversible manner over
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several cycles. Using cyclic voltammetry experiments, the authors showed that the modified nanoparticles
exist as two metastable- and ground-state co-conformations. The relaxation kinetics between these two
states can be controlled by different parameters including the density of rotaxanes on the surface and
occurs at a faster rate when the rotaxanes are located on metal nanoparticles compared to their behavior
at surfaces or in polymer matrix. The group of Qu further functionalized silica nanoparticles with pH-
sensitive rotaxane units and demonstrated the reversible pH-modulation of the fluorescence properties in
solution and in the bulk, thanks to the concerted motion of the mechanically active units on a single
nanoparticle.'°!

Many developments have been made also in the field of rotaxane-crosslinked polymers, leading to
materials with very interesting gliding topologies and unconventional mechanical behaviors.'"** However,
because the molecular components are not bistable, no collectively switchable motions have been reported
so far, and these systems fall out of the scope of this review. However, a few examples report the use of
polyrotaxane with a micro-/macroscopic behavior related to the controlled collective motion at the
molecular level. In the early 2010s, the groups of Stoddart and Heath reported the synthesis of
poly[n]rotaxanes incorporating 1,5-dioxynaphtalene and TTF stations for CBPQT*" macrocycles.!??! The
synthetic strategy designed to reach these polymers consisted in the synthesis of a main chain polymer
with the electroactive stations, which then serve as guest units for clipping the cyclophane rings. Polymers
with molecular weights ranging from 8 to 94 kDa were synthesized, containing from 90 to 72 % of
CBPQT*" units of the TTF moieties (as determined by 'H NMR studies). Cyclic voltammetry studies on
the polymer in solution confirmed their reversible redox-active properties, in agreement with previous
works involving similar individual molecules. Finally, studies on the electroactive behavior of the
polymer in solid-state switches showed electrical signatures (hysteresis and bistability) similar to the ones
observed in the aforementioned examples on small-molecule analogues. This example clearly establishes

that the physical properties observed at the micrometric level are related to the collective motion of the
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rings at the polymer scale. Recently, the group of Ke reported the synthesis of polyseudorotaxane
hydrogels from micellar solutions of triblock copolymers, which serve as host for a-cyclodextrin
guests.'9?? After 3D-printing, photo-irradiation to cross-link the micellar aggregates and rinsing to remove
any excess of cyclodextrin, polyrotaxane monoliths with a millimeter size were obtained (Figure 93). The
presence of several cyclodextrin rings interconnected by hydrogen bonding on a single polymer chain in
the different materials (hydrogel and monolith) proved to be important for their mechanical robustness as
they form crystalline domains that act as rigid supramolecular struts and non-covalent crosslinkers. This
was exemplified by the behavior of the monolith in DMSO, which completely spread out and lost their

mechanical robustness as determined by rheology experiments.
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Figure 93: Top-view and side-view images of the cross-linked monolith hydrogel (CM hydrogel)
obtained after polymerization, its evolution as smeared gel after soaking in DMSO for several hours (PM
DMSO-gel) and its shape recovery after rinsing with water (PM hydrogel). Insets show a cartoon
representation of the cross-linked network and the behavior of the cyclodextrin rings (yellow) when

changing the solvent. Adapted with permission from reference '°*2, Copyright 2017 John Wiley and Sons.
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Recovery of the shape occurred after immersing the material in water for a few hours. These monoliths
also behave as shape-memory materials able to transfer chemical energy (solvent exchange) into
mechanical work by simple reorganization of their structures at the molecular level. Overall, the
macroscopic change recoveries observed in this work are related to the different behavior of the
cyclodextrin rings at the molecular level on the poly[n]rotaxane chains, i.e. free shuttling motion in
DMSO and localization in water. In relation with their work on [c2]daisy chain rotaxanes (see next part),
the group of Harada succeeded in developing a polymeric actuator involving [2]rotaxane as mechanically-
active light-responsive units (Figure 94a).'9” A [2]rotaxane motif built from an a-cyclodextrin
surrounding an azobenzene unit was polymerized via a polycondensation reaction with a poly(ethylene
glycol) chain. Upon light irradiation with UV or visible light, the material in its hydrogel or xerogel state
could be reversibly deformed because of the frans to cis isomerization of the azobenzene units which
further displace the cyclodextrin units. For the xerogel, actuation toward the light source occurred within
3 seconds and shining light on the other side induced reversibility to the initial shape (Figure 94b-c). This
material was also shown to convert light energy to mechanical energy within 10 seconds. These interesting
mechanical properties are mainly related to the orientation of the rotaxane within the polymer network
and their concerted motion upon light stimulation. All these recent examples should stimulate the use of

polymers based on [n]rotaxanes to develop new materials with interesting physical properties.
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Figure 94: (a) Chemical structure of the light-responsive polymeric actuator based on [2]rotaxanes
developed by the group of Harada; (b) Schematic representation of the experimental set-up used to actuate
this polymeric actuator and lateral view of the bending phenomenon occurring in the xerogel state; (c)
Images showing the evolution of the xerogel upon UV irradiation for 3 seconds from the right side and
the left side successively. Adapted with permission from reference '°2, Copyright 2018 American

Chemical Society.

Mechanically interlocked molecules such as catenanes and rotaxanes have also been considered as
potentially interesting structures to form liquid-crystalline (LC) phases.'%>* The work related to catenanes
is not described in this review as it just describes the formation of LC phases without considering the
possible motion of the interlocked rings. On the other hand, the groups of Stoddart and Kato described
the synthesis of a bistable [2]rotaxane decorated with dendritic mesogenic stoppers, which present smectic
A LC phase behavior up to 146 °C (Figure 95a).1%2>1926 The electrochemical switching of the CBPQT*"
macrocycle occurs in the mesophase as demonstrated by cyclic voltammetry and spectroelectrochemistry

measurements. In their initial work, the LC phase did not change upon shuttling probably because of the
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staggered molecular arrangement of the mesogens in the LC phase.!??> However, when electrochemical
cells were fabricated with the LC films in the presence of an electrolyte, a marked change in the UV-Vis-
NIR spectrum of the cell upon oxidation corresponding to the oxidation of all TTF units and shuttling of
the CBPQT ring towards the naphthalene station was observed.!?® This spectral change was associated
with a visible color change of the film upon oxidation, which can be reversibly changed to its original
greenish brown color by applying a negative potential (Figure 95b). This example further expands the
possible applications of [n]rotaxanes in devices which properties are controlled at the molecular scale by

the concerted motion of mechanically interlocked molecules.

(a) .
R—(O

Figure 95: (a) Chemical structure of a bistable redox-sensitive liquid crystalline [2]rotaxane; (b)
Photographs showing the change in color occurring in an electrochemical cell upon oxidation and

reduction, cartoons represent the [2]rotaxanes in their reduced (left) and oxidized (right) form. Parts (a)
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and (b) are reproduced with permission from reference !>, Copyright 2012 John Wiley and Sons, and

reference '°2°, Copyright 2010 The Royal Society of Chemistry, respectively.

Over the last ten years, the group of Loeb has pioneered the incorporation of [2]rotaxanes within metal-
organic framework (MOF) structures.'%?’-1%2° Using various solid state NMR experiments, internal motion

of the macrocycle within the MOF, %%

phase change of the MOF induced by the motion of the macrocyclic
ring!%? but also movement of the macrocyclic ring between struts of the MOF!'%% was observed. However,
the motion observed in these systems does not involve a controlled motion of the mechanical bond.
Similarly, the group of Horie reported several studies on the motion of crystals incorporating pseudo-
rotaxanes upon light irradiation.!%3%-1933 In all these examples, lighting of a metallocene ligand present on
the pseudo-rotaxane leads to changes of the size and shape of the crystal resulting from a different packing
of the molecular structures. Although these crystals showed interesting properties in terms of cycling or
for transport, it is clear that there is no motion of the mechanical bond at the origin of these properties.
Thus, all these examples incorporating mechanically interlocked molecules within MOFs and crystals will
not be discussed further in this review but are mentioned as a potential source of inspiration for further
developments.

Finally, some polymer backbones decorated with pendant rotaxane units have been reported. %4103
Upon pH stimulation, a change of fluorescence related to the motion of the macrocyclic unit within the
polymer chain was observed in solution and in the solid state.!*!%5 When a single rotaxane side-chain
was present on the polymer backbone, this polymer could be used to pattern surfaces which showed
sensing properties for DMSO and protons in the form of an “INHIBIT” Boolean logic gate.!%* In another
example, a polymer backbone decorated with pendant macrocyclic bis-pyridinium units was used to

aggregate different nanoparticles.'®®” When this polymer was mixed in a solution containing gold

nanoparticles with naphtalene units and silver nanoparticles with TTF units, chemical oxidation/reduction
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of the TTF units leads to reversible optical changes related to the presence of a single population of
nanoparticle in solution. Finally, the mechanical oscillation of a “polyrotaxane-interlocked” gel was
reported.!?*® The change in topological structure of the gel (contraction and extension) is driven by the
oscillating Belousov-Zhabotinsky reaction which occur thanks to the presence of ruthenium-terpyridine

ligands on the polymer chains.

3.2.3. Collective motion from [c2]daisy chain rotaxanes

Biology has always been an incredible source of inspiration for chemists. In the context of collective
motion, muscles are known to actuate thanks to the synchronized motion of sarcomere units that are

1040 of individual

polymerized into myofibrils filaments.!®*® The development by the group of Sauvage
[c2]daisy chains capable of reversible contraction and extension events thanks to metal ligand interactions
has been instrumental for the molecular machine community to simplistically mimic such macroscopic
events. With the goal to amplify this molecular sliding movement at higher length scales, initial efforts
have focused on the possibility to access polymers made of [c2]daisy chains rotaxanes.!®! In 2006, using
an N-alkylation polymerization reaction, the group of Kaneda reported the formation of dimers, trimers,
tetramers and pentamers of [c2]daisy chains built on a-cyclodextrin as macrocyclic units complexing
azobenzene moieties as stations on the axle in 33 %, 14 %, 4 % and 2 % yield after recycling preparative
gel permeation chromatography (GPC), respectively.!? Upon light stimulation at 366 nm, the
cyclodextrin which originally sits around the azobenzene unit in the frans form is displaced as the
azobenzene motif switches to its cis form. This contraction event could be monitored on both the
individual [¢2]daisy chain and its trimer by 'H NMR and UV-Vis absorption experiments. On the single
molecule after irradiation, NMR experiments demonstrated the presence of three photoisomers EE, E,Z

and Z,Z in a 75:20:5 ratio, which could be reversibly switched to one single £, E isomer upon heating at

90 °C. On the trimer, broad signal corresponding to isomeric mixtures were observed after light
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irradiation, confirming that each azobenzene unit can be switch independently but with a theoretical
content of Zs-isomer as low as 0.013 %. Some years later, in 2009, the groups of Stoddart and Grubbs
independently reported the covalent polymerization of [c2]daisy chain rotaxanes using the copper-
catalyzed [3+2] Huisgen cycloaddition reaction.!®*!%* The monomer designed by Stoddart and co-
worker involves a 24-crown-8 macrocycle as host for either a secondary ammonium or a bipyridinium
station, thus leading to a bistable pH-responsive interlocked structure. Step-growth polymerization
between the bis-alkyne-terminated [c2]daisy chain and 1,4-bis(2-azidoethoxy)benzene led to main-chain
polymers composed of ~11 repeating units and a dispersity of 1.85 as estimated by GPC (Figure 96a).
Acid-base switching of the oligomers was monitored by 'H NMR, UV-Vis absorption spectroscopy and
cyclic voltammetry, demonstrating the reversible bistable character of the macromolecule (Figure 96b).
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Figure 96: (a) Structure of the [c2]daisy chain polymer synthesized by the group of Stoddart and its
actuation upon changing the pH; (b) Evolution of the absorbance of the polymer at 390 nm corresponding

to the charge-transfer band between the bipyridinium station and the crown ether macrocycle upon
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addition of base or acid; (c) Evolution of this absorbance for up to 20 acid / base cycles. Adapted with

permission from reference '**, Copyright 2009 American Chemical Society.

Further analyses using stopped-flow spectrophotometry techniques established that the presence of
more destabilized kinetic intermediates leads to a faster acid-triggered extension compared to the base-
induced contraction and a slower actuation for the monomer compared to the polymer.!** However, the
small size of the polymers, mainly because of solubility issues occurring during the polymerization,
precluded any conclusion on the possible amplification of molecular motion to higher length scales. In
parallel, Grubbs and coworkers designed a monostable bis-azide-terminated [¢2]daisy chain which could
be polymerized with 1,4-diethynylbenzene, leading to a step-growth main chain polymer composed of 22
repeating units and with a radius of gyration R, of ~14.8 nm as estimated by GPC using a multiangle laser
light scattering (MALLS) detection (Figure 97). While deprotonation of the secondary ammonium
stations did not lead to extension of the polymer chain probably because of favored n-r slipped-stacking
interactions between bis-aryl units, their acylation and thus increased bulkiness led to a forced slippage

which resulted in an extension up to 21.4 nm (Ry), representing a 48 % increase in size in agreement with
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Figure 97: (a) Chemical structure of the [¢2]daisy chain monomer synthesized by the group of Grubbs,
(b) (i) Polymerisation of this monomer by step-growth polycondensation with 1,4-diethynylbenzene and
actuation of the polymer using either (ii) base or (iii) acetic anhydride leading to macromolecules with
various radius of gyration (R,). Adapted with permission from reference ', Copyright 2009 American

Chemical Society.

The first example demonstrating the collective motion of [c2]daisy chain units embedded in a single
chain polymer (from nanometric to micrometric scale length) was reported by our group in 2012.1%
Bistable pH-switchable [c2]daisy rotaxanes were decorated with terpyridine units as end groups and
polymerized using zinc(Il) or iron(II) metal ions via supramolecular metal-ligand interactions (Figure

98a-b).
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Figure 98: (a) Chemical structure of the [c2]daisy chain monomer functionalized with terpyridine
stoppers developed by the group of Giuseppone; (b) Schematic representation of the supramolecular
polymer obtained using Fe(II) ions and its bistability upon pH stimulation; (¢) Evolution of the light and
neutron scattering curves for the contracted and extended Fe(II) polymers highlighting the difference in
linear mass density M;; (d) Difference in hydrodynamic radius measured by light scattering experiments
between the contracted and extended Fe(Il) polymers confirming the actuation at the microscopic scale.

Adapted with permission from reference '°*’, Copyright 2012 John Wiley and Sons.
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Characterization of the shape and size of the polymers was performed using a combination of light and
neutron scattering experiments (Figure 98c-d). For both polymers, the scattering profile consisted in g~
and ¢/ domains at low and intermediate scattering vectors ¢ and a Guinier regime at high ¢ range. Such
scattering variations are characteristic of a perfectly soluble single wormlike chain polymer. For the ones
made of iron, data fitting suggests the same degree of polymerization (DP) as high as ~2900 units, a
decrease in the linear mass density My, (- 250 g.mol"!.nm™") and an increase in contour length L¢ (+ 6463
nm) for the extended polymer compared to the contracted one. Actuation of the polymer chains proved to
be reversible by acid/base stimulation. These data are in agreement with the dimensions expected from
the DP and the size of the monomers and were further supported by theoretical explanations provided by
the group of van Hove.!*®%1%% Qverall, this work demonstrates the possibility to amplify the molecular
motion of [c2]daisy chain rotaxanes via their concerted actuation by four order of magnitudes from the
nanometer to the 10 micrometer scale. Using the same polymerization technique with iron ions and
terpyridine ligands, the group of Huang subsequently reported the solvent-sensitive actuation of polymers
made of [c2]daisy chains based on pillar[5]arenes.!®® While TEM and SEM microscopy experiments
showed the presence of fibrillar aggregates for different solvent compositions, dynamic light scattering
experiments highlighted an increase of the hydrodynamic radius of the aggregates from 104 nm in pure
chloroform to 254 nm in pure DMSO, in agreement with the extension of the interlocked unit upon
increasing solvent polarity. In 2016, our group reported the possibility to bundle single wormlike polymer
chains by changing the nature of the supramolecular polymerization while keeping the actuation
properties.'%! [¢2]daisy chain rotaxanes with 2-aminopyridine end groups were successfully polymerized
via hydrogen-bond interactions with a complementary rigid hydrophobic bis-uracil-terminated linker, as
determined by '"H NMR experiments (Figure 99a). Interestingly, TEM and AFM microscopy experiments
revealed marked morphological differences between the contracted and extended states, as qualitatively

determined by a combination of light and neutron scattering experiments. While micrometer-long
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entangled fibers were observed for the extended polymer, more discrete coffee-grain-like structures with

an average length comprised between 200 and 400 nm were imaged for the contracted one (Figure 99b).
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Figure 99: (a) Chemical structures of the [c2]daisy chain monomer functionalized with 2,6-
diamidopyridine stoppers and polymerized with a bis-uracil linker; (b) AFM images of the entangled
fibers and the coffee-grain-like structures observed in the extended and contracted states, respectively.

Adapted with permission from reference !, Copyright 2015 John Wiley and Sons.

Importantly, AFM imaging at high magnification demonstrated that both kinds of objects are composed
of single polymer chains with an internal diameter of ~4 nm bundled into larger aggregates thanks to a
combination of lateral - and van der Waals interactions from the linker. The difference in morphologies

can be explained by the difficulty of the polymer to sustain the contraction event due to the relatively low

f, 1052 1053

stability of the considered hydrogen bond moti as already observed for supramolecular systems

and thus leading to partial depolymerization in addition to a mechanical actuation. Nevertheless, this work

168



highlights the possibility to modulate the microscopic properties of polymers by actuating molecular
machines.

In order to achieve collective motion at the macroscopic scale, two strategies have been proposed, based
either on the physical reticulation of single polymer chains or on the formation of covalent polymer
networks. For the first approach, our group designed a bistable [c¢2]daisy chain rotaxane capped with
ureidopyrimidinone (UPy) end groups.'®* These hydrogen-bond motifs are known to form dimers with
high association constants in organic solvents, which further aggregate by stacking interactions.!'® In
toluene, photodeprotection of the 2-nitrobenzyl-protected UPy-modified rotaxanes leads to the formation
of a gel for the extended monomer and to a solution for the contracted one, which could be reversibly
switched to the gel state upon protonation (Figure 100). In both cases, small angle neutron scattering
experiments confirmed the formation of a hydrogen-bonding supramolecular polymers with a DP
estimated to 22 for the contracted one, in agreement with the low dimerization constant of the UPy
measured by isothermal titration calorimetry for the contracted solution as a result of the proximity of the
crown ether macrocycle. Importantly, in-depth neutron and X-ray scattering studies on the extended gel
phase provided valuable information on its internal structure, which consists in a crystal-like phase with
stacks of UPy dimers acting as physical reticulation nodes.'%® These experiments suggest that, in the
contracted state, the presence of the crown ether macrocycle in the vicinity of the UPy motif prevents
dimers stacking, which in turn preclude the formation of a gel by physical reticulations. A similar gel-sol
transition was later on observed for a [c2]daisy chain with hydrogen-bonding tri-alkylated stoppers.!%>’
These examples demonstrate the possibility to achieve collective motion at the macroscopic scale using
supramolecular polymers based on [c2]daisy chain rotaxanes and to change interesting properties of the

materials therefrom, but also raise the problem of maintaining material integrity with supramolecular

polymers upon actuation.
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Physically cross-linked Supramolecular Polymer
(Upy stacks)

Single Chain Supramolecular Polymer
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Figure 100: Supramolecular polymers made of [c2]daisy chain rotaxanes polymerized using self-
complementary ureidopyrimidinone (UPy) stoppers giving rise to a physical gel in the extended form (due
to stacking interactions between the UPy dimers) and to a solution made of a single chain supramolecular
polymer (n =22 at c =4 mM) in the contracted form due to steric hindrance of the crown ether macrocycle
preventing any stacking of the UPy. Adapted with permission from reference '°4 Copyright 2017

American Chemical Society.

To date, the only way envisioned to circumvent this limitation has focused on integrating [c2]daisy
chain units into covalent polymer networks. In 2016, the group of Harada prepared photoresponsive
polymeric hydro- and xero-gels from cyclodextrin-based [c2]daisy chain units with a single azobenzene

station and reticulated by a four-arm poly(ethylene glycol).'%® Upon UV irradiation, the hydrogel was
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shown to contract due to the trans—-cis isomerization of the azobenzene units, while the use of visible

light could reversibly restore the initial size of the gel (Figure 101a).
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Figure 101: (a) Chemical structure of the bistable photoresponsive [¢2]daisy chain rotaxane unit used to
formed chemically cross-linked polymer gels; (b) Photoresponsive behavior of a small plate of [¢2]daisy
chain hydrogel upon UV and visible light irradiation; (c) Reversible cycling of this hydrogel over 10
irradiation cycles; (d) Cartoon showing how the azobenzene unit located on the side of the irradiation are
isomerized to the cis form while the ones on the other side remain in their trans form, thus explaining why

the materials bend. Adapted with permission from reference '°°%, Copyright 2016 Springer Nature.
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Interestingly, the same material in the absence of [¢2]daisy chain but with remaining azobenzene units
presented a reversed swelling behavior upon UV irradiation, as a result of increased mesh sizes of the
network in the cis form. In water, a thin plate of [¢2]daisy chain gel could be reversibly actuate more than
ten times with the material bending towards the source of UV light as a result of partial light penetration
and without significant alteration of the material (Figure 101b-d). This actuation proved to be much slower
(hours versus seconds) than for the xerogel but, in this latter case, no reversible motion was observed
using visible light. As only UV light could be used to photoactuate the xerogel, recovery of the bending
could only be observed by sequentially shining UV light on the right and left side of the material. This
pseudo-reversiblity was proposed to arise from the weak hydrophobic interactions occurring between the
azobenzene units and the cyclodextrin ones in the dry state. Nevertheless, this material was found to be
stiff enough to lift a match (~100 mg). A similar system involving stilbene instead of azobenzene units
was further developed by the same group (Figure 102).!%° While contraction of the hydrogel occurred
upon UV-A irradiation at 350 nm, extension of the material was performed with UV-C at 280 nm.
Compared to the previous system, actuation was found to occur 60 times faster (30 seconds versus 3
hours) due to higher reaction rate, conversion and quantum yield of the stilbene in the photoisomerization
process. The authors also studied the influence of the size of the four-arm poly(ethylene glycol) units on
the deformation and mechanical properties of the hydrogel (Figure 102b). The higher the molecular
weight of the four-arm polymer was, the higher volume change as well as the Young modulus and fracture
energy were upon contraction. In the dry state, a quasi-reversible actuation of the material was observed
and could be repeated up to 15 times in a row over ~1 minute without apparent loss of efficiency (Figure
102¢). Compared to the first system involving azobenzene units, the mechanical work produced by the
xerogel is 150 times higher, as illustrated by the possibility to lift a weight which is 15 times heavier than

the actuating material.

172



DMT-MM
s

in water

(b) u Initial
= UV-Airr. "
110 ® UV-C irr. UV-A irr.
o 25 UVv-C irr.
o
é}’ 100 o 35
8 3
G 90 515 -
o §
£ X
2 go | 10 f
o
>
70 hy & ) ° |
o Q) b o Qr
S B S RN ] ! !
S & & .
S 5 S 0 10 20 30 40 50
"S\ ) ’<3 Time/ sec.

Figure 102: (a) Chemical structure of the [¢2]daisy chain polymer network synthesized from a tetra-PEG
unit and a [c2]daisy chain monomer based on stilbene; (b) Reversible evolution of the volume change
measured during the contraction and extension of a hydrogel made of tetra-PEG units with different sizes
under UV-A and UV-C irradiation, respectively; (c) Evolution of the flexion angle measured during the
bending of a xerogel cycled several times over less than one minute upon different UV irradiations.

Adapted with permission from reference '°°, Copyright 2018 American Chemical Society.

Alternatively, our group reported the possible pH-actuation of chemical gels built from our previously
used [c2]daisy chain pseudorotaxane covalently reticulated by azide-alkyne click chemistry with ditopic
and tritopic oligo(ethylene glycol) linkers (Figure 103a).!%° These chemical gels could be reversibly
actuated by immersion in basic solutions for contraction and acidic ones for extension, leading to materials

reaching contraction down to ~60 % of their initial volume. Actuation occurred several times without
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apparent degradation. Importantly, high-resolution magic angle spinning (HRMAS) NMR along with
neutron scattering experiments confirmed that the macroscopic actuation of the material results from the
local controlled motion of the polymer chains (Figure 103b). This was made also particularly clear from
the scattering experiments showing an increase by ~50 % in linear mass density of the polymer chains
upon contraction, in agreement with our results obtained on single wormlike polymer chains.!%” All these
works clearly establish the possibility to achieve collective motion of molecular machines in a

synchronized manner at the macroscopic scale by connecting them within soft polymer materials.
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Figure 103: (a) Synthesis of a chemically cross-linked [c2]daisy chain rotaxane gel and its actuation upon
pH stimulation, values in red indicate the changes in volume observed at each event; (b) Neutron
scattering curve demonstrating the local actuation of the polymer chains resulting in a higher linear mass
density for the contracted polymer (blue) compared to the extended one (red). Adapted with permission

from reference ', Copyright 2017 American Chemical Society.

With a different approach to the one consisting in amplifying motion at macroscopic scale, the
manipulation of nano-objects was also envisioned. Compared to systems developed to do so by achieving
collective motion with [r]rotaxanes, only one example reported the concerted actuation of [¢2]daisy chain

rotaxanes at surfaces.!*®! Very recently, the group of Tian reported the functionalization of 60 nm gold
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nanoparticles with bistable [c2]daisy chain rotaxanes bearing tris-thiol stoppers at their extremities
(Figure 104a-b). Upon actuation of the daisy chains using an acid-base stimulus, a blue shift of the
plasmonic oscillation upon contraction and a red shift upon extension were observed by dark-field
microscopy suggesting that nanoparticles come closer to each other upon contraction and in a reversible
manner (Figure 104c). This shift of ~6.2 nm can be correlated to a change in distance between the
nanoparticles comprised between 3.34 and 1.17 nm, in agreement with the actuation of the daisy chains.
This work opens the doors for applications of [c2]daisy chain rotaxanes at surfaces as already

demonstrated for [n]rotaxanes.
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Figure 104: (a) Chemical structure of the [¢2]daisy chain monomer used to covalently connect gold
nanoparticles; (b) Schematic representation of the three-step construction of the gold nanoparticles dimer
crosslinked by [c2]daisy chains; (c) Evolution of the scattering intensity of the gold nanoparticles dimer
crosslinked by [c2]daisy chains showing a blue shift of ~6.2 nm upon addition of base. Adapted with

permission from reference %!, Copyright 2018 Elsevier.
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3.3. Conclusion

We have seen in this chapter that individual switches based on mechanical bonds are able to produce
molecular motions of relatively larger amplitudes compared to photochromic molecules. Interestingly,
they can also be driven by chemical or red-ox stimuli to modify their energy profile and trigger very
selective binding events. This makes them for instance very attractive for the design of sensors and of
various responsive materials. When ordered in 2D domains at surfaces and interfaces (Langmuir
monolayers, self-assembled monolayers, nanoparticles, mesoporous materials), or in 3D self-assembled
systems, liquid crystals, or polymers, their collective actuation can give rise to amplified responses of
interest for data storage, surface engineering, drug delivery, or mechanical actuations. In some cases, the
transmission phenomena at work cannot be reached by simpler photochromic switches, because of the
peculiarities of the mechanical bond which, for instance, include the gating of mesopores to deliver cargos
or the mechanical sliding of polymer chains. However, we believe that one of the most promising futures
for these systems remains to be accomplished. We have seen in the introduction that by properly ratcheting
mechanical motions in catenanes and rotaxanes, it becomes possible to make them functioning along a
non-reversible energy profile, thus progressively increasing the work they do on their environment, and
there is certainly a lot to be created in this direction. In parallel, one can also imagine taking advantage of
the macroscopic engineering tools that were cleverly developed with photoswitches and to implement
them with machines based on mechanical bonds in order to combine the best of both worlds.

In the next section, we turn to a number of systems that include rotary motions, going from simple

rotors to more complex light-driven motors.
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4. MOTION FROM MOLECULAR ROTORS AND MOTORS

4.1. Introduction to molecular rotors

In the nanoscience community, the term of molecular rotor describes molecules composed of two parts
rotating against one another, or of only one part rotating against a macroscopic entity such as a surface.
The part with a larger moment of inertia is commonly designed as the stator, and the other one as the
rotor. This field of research has been thoroughly reviewed by Michl!%? and, following his definitions,
even a small molecule as ethane is considered as a molecular rotor (with a very low rotation energy barrier
of = 3 kcal.mol™).!%3 Obviously, molecules of higher complexity are generally needed to create
interesting functional objects. In particular, by focusing on the collective mechanical aspects that we want
to discuss in the present review, it might be useful to classify molecular rotors depending on their
organization order. One can distinguish 7) individual molecular rotors suspended in an isotropic media
(Figure 105a), ii) rotors at surfaces or in condensed phase matter with a possible anisotropic molecular
order (Figure 105b), and iii) rotors which display mechanically correlated units and which consequently

enter the scope of our review (Figure 105¢).!%64
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Figure 105: Schematic representation of the increasing spatial and mechanical interaction between
molecular rotors. a) Individual molecular rotor in an isotropic medium, b) rotors with spatial molecular

order and c) mechanically correlated molecular rotors.!%%*

In the first category, individual molecular rotors are subject to random collisions leading to a wide
distribution of trajectories that preclude controlled mechanical interactions between them. In the two other
categories, when ordering molecular rotors with one another, collective, synchronized, or even
cooperative motions can emerge. The main feature of a collective behavior is that “an individual unit’s
action is dominated by the influence of the others; and that the unit behaves entirely differently from the
way it would behave on its own.”!% Considering the relation between molecular structure, phase order,
and molecular dynamics in condensed media, Garcia-Garibay proposed a phase-order—molecular-

dynamics diagram (Figure 106).!96:1067
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Figure 106: Phase order versus molecular motion for condensed-phase matter as proposed by Garcia-

Garibay.!%¢’
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Here, the glassy state has low anisotropy and low molecular mobility, both incompatible with ordered
collective motion. Then, crystals have the highest degree of order but concomitantly the lowest molecular
mobility. Conversely, liquid phases have a high degree of freedom but this high mobility is detrimental
to ordering. In addition, intermediate phases possessing molecular dynamics and phase order are
commonly found such as liquid crystals and plastic crystals. Liquid crystals possess the typical properties
of a liquid, such as fluidity and the inability to support shear, but also crystalline properties such as
anisotropy of optical, electrical, and magnetic properties. Their structural dynamics is supported by
molecules having several degrees of internal freedom such as molecular rotation, translational motion,
and collective reorganization.!%®® Plastic crystals can be considered as a transitional stage between crystals
and isotropic liquids. The phase is composed of molecules with a low translational mobility but where
orientation disorder is caused by the rotations of entire molecules in the crystal with a homogeneous
periodic arrangement.!?® Finally, and very interestingly, Garcia-Garibay and coworkers proposed the
description of a new hybrid phase in which the nanoporous structural properties give a static frame for
the inclusion of rotor arrays with high internal mobility. This last class of objects was named
amphidynamic crystals.

Amphidynamic crystals can be synthesized based on nanoporous crystal engineering to produce
materials with highly ordered cavities that are controlled in size, stability, and chemical environment.!%?
Such materials provide a platform to precisely place molecular rotors in their voids. Typical synthetic
pathways to form functional amphidynamic crystal have been reported either via structural collapse
induced by weak supramolecular bonds (hydrogen, halogen, van der Waals), or via the formation of more
robust networks using coordination and covalent bonds.!"’%1°73 By a proper design of fully organic and
rigid molecular structures, the self-assembly process forms rigid frameworks which generate large free
volumes that can hold ordered molecular rotors with a high internal mobility. Many methods are

instrumental to study dynamic processes and to determine the physical properties of amphidynamic
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crystals. Solid state NMR measuring spin-lattice relaxation times (T1(**C)), as well as spin-echo
deuterium NMR, are the most powerful methods for describing the reorientation frequencies and the
trajectories of their mobile elements.!?’4197¢ Diffraction experiments, including X-ray and neutron, also
provide access to structural and dynamic information in such materials. In addition, dielectric
spectroscopy is useful to investigate the dynamic of dipole-functionalized rotators and more generally the
dielectric permittivity of the material.

Very important contributions in this field of research, including the design of rotational dynamics and
physical properties of such systems, have been already reported in numerous reviews.'0621066.1067 The
combination of anisotropic rotor alignment and of fast molecular dynamic in a same system paves the
way to molecular collective motion inherent to dipole-dipole or spin state interactions and that can be
implemented to achieve switchable properties of materials including ferroelectricity, birefringence,
electric conductivity, sensing, capture and release of chemicals, etc. However, the collectivity of these
motions being not directly related to the mechanical interactions between the rotational units, we will not
discuss them further in this review. Instead, we will focus hereafter on interpenetrated molecular rotors
leading to gearing effects. Although such rotors are not molecular machines by themselves, as they do not

produce an effective work on their environment, they are very interesting to transfer mechanical motion

from other elements, and as such they can be envisioned as modules in more complex molecular machines.

4.2. Mechanically correlated rotors

One of the most straightforward idea to mechanically correlate molecular rotors in space, and thus to
transfer forces, movements, and energy, is to precisely arrange them in a gearing system. In an analogy
with macroscopic machines, molecular gears can be imaged as wheels with serrated teeth presenting
complementary steric interactions when the rotors are arranged in a regular way. Rotary transmission in

molecular gears requires matching structural symmetry and connectivity in order to have a proper
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positional relationship between the connected rotors. Chemists have developed multiple strategies to
achieve gearing-type transmissions. Following pioneering works on restricted rotations within

molecules, 0771082

intramolecular gears were naturally the first examples to emerge. Subsequently,
larger assemblies of intermolecular gears were developed to transmit motion over longer distances.

Following that classification, and by highlighting the different topologies encountered within each of

these two categories, we describe hereafter a series of important achievements of the literature.

4.2.1. Intramolecular gears

Initial investigations with hindered molecules of intramolecular correlated motions of alkyls, phenyl,
and other functional groups provide the basis to understand gearing effects. A full discussion on these
fundamentals (typically involving only two gearing units) would not fit with the scope of this review, and
we prefer to direct the reader to already existing articles giving an in-depth coverage of the field.!062:1083-
1085 We will however describe hereafter collective systems of interest that contain complex and multiple
gearing units. Different intramolecular transmission modes have been developed such as the so-called
bevel, spur, and coaxial molecular gears.

The bevel gearing arrangement allows a rotational movement to be transmitted between two or several
concurrent and non-parallel rotors. Iwamura and Mislow reported simultaneously the first synthetic
molecular bevel gears capable of undergoing correlated disrotatory motions from one rotor to another
one.!06-11% The structural design was based on versatile triptycene derivatives presenting a D3h
symmetry.'1951113 Tn macroscopic systems, a cyclic arrangement of gears requires an even number of
units, so that the disrotatory movement is effectively transferred from one gear to the other. Obviously,

the same principle applies for molecular systems, as shown in examples with three rotators components

1114 1095

synthesized in linear' " and cyclic'”” arrangements (Figure 107).
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Figure 107: (a) Chemical structure of linear three rotors. (b) Chemical structure of cyclic three rotors.

As expected, the cyclic arrangement with three rotors locked the disrotary movements, while the linear
structure presented smooth rotation (£, < 2 kcal/mol) with phase isomerism (Figure 107a-b). Based on
this principle, Iwanaga et al. described the synthesis and the highly dynamic behavior of covalent
macrocyclic gear mashing of four triptycene.!!'> Shionoya and collaborators reported a gear meshing of
four triptycene connected to a dirhodium complex revealing that exchangeable axial ligands greatly affect
the gearing dynamic via steric interactions.'!' The same research group reported the formation of a
multigear platform composed of six triptycene covalently attached to a central benzene ring via an ethynyl

linker (Figure 108a).!'!”
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Cobalt-catalyzed
trimerization

Figure 108: Design principle and realization of an intramolecular bevel gear. (a) Molecular structure and
synthetic strategy to access the sextuple gear with six triptycene gears attached to the central benzene ring
through ethynyl linkers. (b) Schematic representation of the gearing process and of its control by locking

1117

the triptycene rotation when complexed to bulky RuCp*. Adapted with permission from reference "',

Copyright 2017 American Chemical Society.

This crowded device presents a high rotational dynamic estimated to be 2.7 x 10* s™! at 300 K with the
possibility to modulate gearing motions by using bulky ruthenium ions to complex and lock the active
triptycene (Figure 108b). McGlinchey ef al. also used this strategy to modulate the rotation speed of
intramolecular gears by complexing the aromatic unit of triptycenes with a metal.!''® Kira et al. introduced
another tool to control the rotor transmission by using a clutch—declutch switching mechanism. They
switched off the engagement of the two rotators by the reversible attachment of a fluoride ion on silicon-

centered bis-triptycene system and leading to silane-silicates structural interconversion (Figure 109).!'!
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Figure 109: Chemical explanation of the clutching mechanism. The “clutched” structures of the bis-
triptycene system (left side) can be unclutched upon addition of a fluorine atom to the silicon center,

leading to the displacement of the triptycene groups to the apical positions of the complex (right side).

Shionoya and coworkers also reported Pt(Il)-centered switchable gearing system based on photo- and
thermally-driven cis—trans isomerization at the Pt(Il) centre (Figure 110a). The stimuli-responsive

configurational changes of the metal ion led to the reversible rotors engagement/disengagement (Figure

110b).!1120

Rotator

(b)

OMe

AL

cis-isomer

trans-isomer

Figure 110: (a) Schematic representation of the mechanism of a molecular bevel gear and (b) the
corresponding chemical structures. The “clutched” cis-gear is isomerized to its unclutched trans isomer
upon UV irradiation (360 nm), and can be recovered by heating. Adapted with permission from reference
1120 Copyright 2017 Springer Nature.
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Metal-bis(porphyrinate)s double decker complexes represent a class of synthetic molecular rotors in
which two porphyrin rings rotate around a metal complex in a sandwiched configuration.!!?!!122 Based
on previous investigations of Ru(Il) and Os(II) porphyrin oligomers structured with mono-, di-, tri-, and
tetrapyridylporphyrins,''>>"!128 Takeuchi et al. proposed to use double decker components as platforms
for the building of molecular gears.''?” They demonstrated the formation of a bevel gear by interlocking
three molecular rotors composed of a La(III) bis-porphyrin double-decker and a Rh(III) porphyrin rotors
(Figure 111). The dynamics of the rotary motions were evaluated by VT 'H NMR spectroscopy, revealing
activation energies of 30.1 and 30.7 kJ.mol™! for the top and side rotors, respectively, and thus showing
the rotational transmission through mechanical interactions. Further, by addition of a base to induce a
conformational change of the rotors, going from a meshing state to an independent state, a rotational rate
decrease for the top rotor only was measured. Upon neutralization, the gearing and correlated rotations

were reinstalled.
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Figure 111: Chemical structures and schematic representation of bevel intramolecular gears built on a
La(III) bis(porphyrinate) double decker (top unit, red) and either (a) one or (b) two Rh(III) porphyrins

(side units, blue).!'?
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Based on the same principle, the structural and positional change of orthogonally arranged rotors was

published later.!3%!13! Other strategies to form molecular bevel gears have also been employed, including

1132 1133

circumambulatory rearrangements' “~ or synchronism of fluxionality and rotation of ligands.
In spur gears, the axes of rotation lie in parallel and the gears have straight teeth relative to the axes

(Figure 112a).

Figure 112: Representative examples of spur gear systems. (a) Macroscopic spur gears. Photograph
courtesy from Emerson Power Transmission Corp (http://www.emerson-ept.com). (b) Schematic
representation and chemical structure of the tribenzylamine hemicryptophane. The arrows represent the
rotation of the units, but do not imply unidirectional motion. (¢) Chemical structure of a molecular
caterpillar track. The arrows represent the collective rotations within the system, with the red ones
indicating the motion of the external macrocycle and the blue ones indicating the motion of the internal
gears. Part (b) is adapted with permission from reference ''*4, Copyright 2011 American Chemical

Society.

To form molecular spur gears, Wakamatsu et al. investigated the design of molecules with two

triptycene gear axes mounted on a rigid 1,8-anthrylene platform in the same direction.!!** Similarly, Siegel
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and coworkers synthesized a molecular spur gear with a rigid bisbenzimidazole platform holding two
triptycene rotors with parallel axes at the proper distance to permit a gearing correlation.!''3
Computational studies suggested that the molecular dynamic preferentially undergoes geared rotation
over gear slippage, though experimental VT-NMR studies did not confirm that mechanism. Inspired by
the clutch mechanism developed on molecular bevel gears, Jiang et al. reported the control of spur gears
by external stimuli. Upon complexation and decomplexation of AgPFe on the stator part, the molecule
exhibit a structural change of large amplitude with a subsequent clutch—declutch mechanism of the
gear.!37 A surprising but elegant architecture based on the gyroscopic structure with three phenylene in
parallel also showed a low spur gear mechanism between three rotors (Figure 112b).!'** Finally, one
original and complex synthetic structure, that presents some similarities with spur gears, and mimicking
a macroscopic caterpillar track, has been reported by Anderson and collaborators (Figure 112c). This
system is composed of a macrocyclic hexa-zinc-porphyrin belt coordinated to two star-shaped oligo-
pyridines. NMR exchange spectroscopy (EXSY) revealed conrotatory rotation of the two template wheels
correlated with the macrocyclic rotation.!!*8

Coaxial gearing mimics the rotation transmission of ball bearings correlated on a same axis (Figure
113a). Interestingly, if the use of macroscopic coaxial gears is uncommon, supramolecular chemistry has
provided access to such tools at nanoscale. In particular, Shionoya et al. have developed a correlated
motion in a molecular device based on disk-shaped ligands coaxially stacked by metal coordination.!'*"
1142 Different hexasubstituted benzene molecules (Figure 113b) were arranged into rotor—transmitter—
rotors metal complexes [AgeMsL1-L3;]% 9" (M=Ag! (n=1) or Hg" (n=2)) (Figure 113c). The motion of
the two terminal rotors studied by VT '"H NMR spectroscopy was shown to be strongly correlated — over
a total distance of 1.5 nm — via intramolecular ligand exchange and flipping motions, constraining the

central supramolecular transmitter [M3L3,]%"", located between the two rotors, to undergo helix inversion

(Figure 113d)."%
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Figure 113: Examples of coaxial gearing: (a) Macroscopic double ball bearing. (b) Chemical structure of
the subcomponents of the system. (c) Schematic representation of the corresponding trinuclear molecular
ball bearing (left side) and nonanuclear molecular double ball bearing (right side). (d) Rotation mechanism
of the rotors in the molecular ball bearing. Rotation takes place through alternate intramolecular ligand
exchange and flip motion, both of which are accompanied by helix inversion between M and P forms (TS

= transition state). Adapted with permission from reference !'*?, Copyright 2010 John Wiley and Sons.

4.2.2. Intermolecular gears

Intermolecular correlated rotors involving gearing processes represent a potentially powerful approach
to produce large collective motions within molecular assemblies and to generate emergent properties in

materials therefrom. This approach requires to precisely control the spatial distribution between the
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rotating units, and we will discuss hereafter the currently existing systems depending on their
dimensionality.

Tabe and Yokoyama have reported a coherent collective procession of chiral molecular rotor in a
Langmuir monolayer and driven by the transmembrane transfer of water molecules.!!** Rod-like
molecules spread at the air—glycerol interface display a tilted conformation and reflected-light polarizing
microscopy established oscillation patterns similar to those observed in Belousov—Zhabotinsky reactions,
which is explained by boundary conditions between each domain. The authors estimated the torque
applied to an individual molecule to be several orders of magnitude lower than thermal energy. Hence,
they conclude that the explanation for the observation of such macroscopic patterns is only possible with
a cooperative mechanical motion of adjacent rotors. Without this cooperativity, thermal noise would

“hide” the motion of single isolated molecules (Figure 114).

(a) (i) i (ii)
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Figure 114: (a) (i) Chemical structure of the rod-like rotor and (ii) idealized representation of the

corresponding Langmuir film at the air/glycerol interface. The angle ® represents the molecular azimuth.
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(b) Simulation of the response of the monolayer under reflection-type polarized microscopy, where the
white arrows represent the direction of the molecular azimuth ®. (¢) Experimental images obtained by
reflection-type polarized microscopy at different times ((i) O s, (ii) 4 s, (iii) 8 s, (iv) 12's, (v) 16 s)
displaying oscillations pattern comparable to Belousov-Zhabotinsky reactions. Adapted with permission

from reference ''**, Copyright 2003 Springer Nature.

In recent years, solid surfaces have also emerged as promising platforms to control precisely the
molecular orientation and position of rotors in ordered monolayer arrays. Computational simulations on

1145 with gear performance depending on

the transmission mechanism of rotational motion on surfaces,
linkers flexibility,!!*® have been used to predict an ideal chemical design.!!'*” Experimentally, collective
rotations of highly packed molecular rotors absorbed on surfaces have been imaged and manipulated with
the tip of a scanning tunneling microscope (STM).!148:1149 Sykes and coworkers reported the on-surface
synthesis of interlocked molecular structures in two-dimensional crystals exhibiting correlated
switching.!!*° Multidecker porphyrin complexes have also recently attracted particular attention for the
engineering of molecular machines on surfaces. Their sandwiched structures provide for the top porphyrin
a free rotational behavior, while the bottom one is anchored at the surface.!'>! Triggered by electrical
pulses, and resulting from intermolecular correlated motions, highly ordered interlocked dipolar multi-
decker molecules can display change in chirality (Figure 115a)'!>? and phase transition.'!>® Hla et al.
reported synchronized rotations of dipolar double-decker porphyrins deposited on Cu(111) surfaces,!!>*

with coordinated movements resulting from the minimization of dipole interaction energies and induced

by the application of an electric field by the STM tip (Figure 115b).
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Figure 115: (a) (i) Chemical structure of a double-decker porphyrin complex and (ii)) STM image of the
corresponding self-assembled layer on an Au(111) surface (X =20 nm). The insets below show the space-
filling models of the complex depending on their chirality. (b) (i) Chemical structure of a double-decker
porphyrin rotor and (ii) corresponding molecular model of its arrangement on the Cu(111) surface. (7ii)
STM image showing a sudden switching of rotators revealing the formation of different rotator domains
(labelled ‘B’ and ‘C*) (Vi=1V, =3.2x10'° A). Parts (a) and (b) are adapted with permission from
reference 2, Copyright 2011 American Chemical Society, and reference ''**, Copyright 2016 Springer

Nature, respectively.

The search for amphidynamic crystals led the group of Garcia-Garibay to the discovery of gearing rotors
in such configurations. The spatial distribution of rotor was driven by the self-assembly of a steroid frame

and leading to an ideal short distance between the rotors in 'D domain (Figure 116). On the basis of single-
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crystal X-ray structures and VT 2H NMR spectra, the authors postulated fast collective rotations (>10®

HZ).HSS

(a) (b)

.~l(//LIL't’II
rotor donor

Figure 116: (a) Chemical structure of a mestranol rotor. (b) Columnar 1D arrangement of the nested
molecular rotors in crystals. The black arrows represent the correlated motion between the phenylene
1155

rotors (i, ii, iii, iv). (¢) View down the crystal 1D packing. Adapted with permission from reference

Copyright 2011 American Chemical Society.

In 2013, Michl and coworkers reported a self-assembled structure of linear polyrotors connected by
alkyne linkers.!*®"!138 Intermolecular hydrogen bonds between end pyridine unit have served to direct the
self-assembly with an ideal close packing of the rotors.!!>6115%11€0 By combining X-ray diffraction,
variable temperature 'H spin—lattice relaxation, and computational simulation, the authors demonstrated
that rotational motions are correlated between adjacent rotors in such a close packing (with rotor-rotor
contacts shorter than 2.4 A) (Figure 117).!1¢! Similarly, the same group developed periodic self-assembled

structures through iodine-iodine interactions harboring correlated movements of adjacent rotors.!'¢?
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Figure 117: (a) Chemical structure of linear polyrotors developed by Michl et al. (b) 2D arrangement of
linear polyrotors through hydrogen bonding interactions (c) Projected view along the backbone showing
the helical structure of the linear polyrotors and (d) representation of the crystalline packing projected

along the same view. Adapted with permission from reference ''®!, Copyright 2013 American Chemical

Society.

4.3. Rotary molecular motors
4.3.1. Introduction to rotary molecular motors

As already described in the general introduction of this review, molecular motors are molecular
machines capable of continuously cycling a motion under an energy input — such as a directional rotation
— and to increase progressively the work they perform on their environment.!!'®> The most striking
examples of such nanomotors are found in nature as part of biological machines. For instance, ATP
synthase harnesses the potential energy of a gradient of protons created along the respiratory chain within
the mitochondria in order to produce a mechanical energy of rotation, which is in turn used to catalyze

the condensation of ATP from ADP and phosphate.!'® In the past decades, chemists have proven the
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possibility to create synthetic molecular motors and to progressively achieve energy conversion and
functional tasks.!'%> That capability of performing a continuous (i.e. repetitively cycling) and possibly
autonomous (i.e. under a constant input of energy) mechanical work, is the most significant distinction
between a molecular motor and the above-mentioned molecular switches (which cancel the work
produced in one direction when coming back to their initial state) and rotors (which do not produce any
work). In the introduction to this chapter, we will focus more particularly on the functioning principles of
synthetic light-powered molecular rotary motor.

One of the most important breakthrough in the field of artificial molecular motors was brought by Ben
Feringa and coworkers in 1999, when reporting the first synthetic molecular motor capable of undergoing
a unidirectional 360° rotation around an overcrowded alkene.!'® The so-called first-generation of motor
possesses two identical halves on each sides of a double bond that serves as a rotary axle (Figure 118a-
b). The stereogenic methyl groups in the fjord region dominate the helical chirality of both halves and the
direction of the rotation. One full cycle of rotation can be divided into four progressive steps: two
photochemical and energetically uphill steps and two thermally-activated and energetically downhill
steps. Irradiation with UV light (>280 nm) induces a trans—scis isomerization around the double bond of
(P,P)-trans, yielding its isomer (M,M)-cis with opposite helical chirality. This photoisomerization is
reversible and a photostationary state (PSS) is reached under continuous irradiation, with a cis to trans

ratio of 95:5 for the structure shown in Figure 118a-b.
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Figure 118: Schematic representation of various molecular motors capable of unidirectional rotations
around sterically overcrowded double-bond axles. (a) Rotary cycle of a first-generation Feringa’s motor.
(b) Top view of the rotary cycle. (c) Structures of (7) second-, and (if) third-generation molecular motors,
(d) imine-based molecular motors and (e) hemithioindigo-based molecular motors. Adapted with

permission from reference ',

Because in (M,M)-cis the methyl substituents hold an energetically-less-favorable pseudo-equatorial
position, they tend to readopt the energetically-favored pseudo-axial orientation. The release of this strain
is made possible by a thermally-activated helix inversion, in which both halves of the motor slide along
each other and change their chiral conformation from a left-handed (M, M) to right-handed (P, P) helicity.
With the methyl groups recovering their pseudo-axial conformation, the global thermal helix inversion is
energetically favorable and effectively converts the higher-energy isomer such as (M,M)-cis to the
thermally-stable (P, P)-cis form and hence completes the unidirectional 180° rotary motion. The second
part of the cycle proceeds in a similar fashion, that is with a second photoisomerization step which affords

(M, M)-trans (PSS trans—cis ratio of 90:10) with the methyl substituents again in the pseudo-equatorial
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position. A second thermal helix inversion then regenerates (P, P)-trans with a full 360° rotation cycle
being completed. Later on, the group of Feringa designed the so-called second-generation of rotary
molecular motors (Figure 118c¢ (7)). Here, the stereogenic information is reduced from two methyl groups
to a single one, which therefore involves a desymmetrization of the upper and lower halves of the motor.
As for the first generation, a full 360° rotary motion can be achieved by a sequential combination of two
photochemical and two thermal steps. However, due to decreased steric hindrance in the fjord region, the
energy barrier of the thermal helix inversion is significantly lowered, resulting in a dramatic increase of
rotation speed that can reach the MHz regime. In order to go even further and test whether unidirectional
rotation can be achieved in the absence of any stereocenters, symmetrical motors were synthesized bearing
one stator and two rotor units (Figure 118c (i7)). This third generation of motors only presents a pseudo-
asymmetric center, in the form of a fluorinated quaternary carbon, but still proved to rotate
unidirectionally around both axles.

In addition to Feringa’s motors based on overcrowded alkene, light-powered motors derived from
imines and hemithioindigo molecules were also reported in recent years. In 2006, an imine-based motor
was first proposed in a conjecture by Lehn (Figure 118d).!'®” The chemical design is based here on the
two types of E/Z-isomerization processes that imines can undergo, and which are photochemical
isomerization and thermal nitrogen inversion. Further, a preferred direction was assumed for the
photochemical isomerization if adding a stereogenic center next to the imine. Based on this principle,
Greb and Lehn reported experimentally the first example of an imine-based rotary motor.''®® Through
photochemical isomerization at 254 nm, and subsequent nitrogen inversion by heating at 60 °C for 15 h,
an overall full rotation was demonstrated. In 2015, Dube and coworkers introduced a light-driven
molecular motor based on a thioindigo unit fused with a stilbene fragment (Figure 118¢).!!® The structural

analogy with the previously described overcrowded alkene allows a similar four steps rotation process, in
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which two sets of photochemical and thermal isomerization take place alternately. Interestingly, a
sulfoxide group in the lower part acts as the stereogenic center in thioindigo-based motor.

In the past two decades, great efforts have been made in the design and improvement of light-powered
rotary molecular motors. For additional information about their chemical design, their mechanistic

studies, and their implementations into dynamic systems at molecular level (such as chiral catalysts,!!””

1171 1172

chirality transfer agents, active elements to regulate DNA duplex stability’ "'~ or to drill holes in
membranes'!"®), interested readers are referred to recent reviews.!!%*!17* Hereafter, we will highlight
further examples based on the collective motion of rotary molecular motors, and which can produce
integrated mechanical responses up to the macroscopic level. We will divide the discussion depending on
the medium in which the molecular motors are integrated, namely surfaces, liquid crystals, self-assembled
nanostructures, and polymer-based materials. We will also highlight in these examples whether the
functioning principle of the collective motion observed makes only use of a biased distribution between
the different isomers of the motors (i.e. influencing the system as a function of their state), or if they make

use of their full potential to continuously rotate out-of-equilibrium (i.e. influencing the system a function

of their trajectory) — and thus to progressively increase the mechanical work they perform.

4.3.2. Collective behaviors of molecular motors on surfaces

As for switches, immobilizing motors at surfaces and interfaces is one of the main strategies to
coordinate in space and time their mechanical actuation.>*!'”> Examples of surfaces functionalized by
azobenzene or spiropyran derivatives and capable of changing their wettability upon molecular switching
have been already discussed in the above section 2. Though many approaches of immobilization have
been developed with these photoswitches, including polymer-based surfaces and mixed layers that
increase surface roughness, the variation of the water contact angle on flat and smooth surfaces has been
limited in the typical order of 2-14°. Using some of their motor derivatives as simple cis-trans molecular
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switches, Feringa and coworkers attached them by a bipodal anchoring group at a quartz surface.!!’

However, the thermal helix inversion of the motor was found to be strongly inhibited by the crowding of
the self-assembled monolayer. To address this problem, a large tripodal stator with thiol groups was used
to decrease the molecular density around the motor itself, as located in the upper part of the monolayer
(Figure 119)."'"7 In addition, the motor was designed to adapt an altitudinal-oriented position, so that the
hydrophobic fluorinated chain of the rotor can be switched up or down, with a maximum effect on the
wettability of the surface. The irradiation with UV light (Amax = 365 nm) of the self-assembled monolayer
(SAM) starting with the cis isomer results in a change of the water contact angle (WCA) from 60 + 1° to
76 + 1°. Conversely, the irradiation of SAM starting with the ¢rans isomer results in a change of the WCA
from 82 + 1° to 68 + 1°. However, recovery of initial WCA value is not possible for this system. Indeed,
after several cycles of irradiation the wettability reaches an intermediate situation because both isomers
have similar stabilities, leading to a mixture of cis- and trans- states. Nevertheless, this molecular design
could be used for the translational motion of droplets on surfaces, as it was observed for photochromic

switches (see Section 2.2.1) and rotaxanes (see Section 3.2.2).

(i) (ii)

Gold /|

Figure 119: Azimuthal-oriented (bottom left) and altitudinal-oriented (bottom right) configurations of

molecular motors at a surface. Insert (top left): water droplets on a self-assembled monolayer (SAM) made
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of (i) an altitudinal-oriented cis motor and of (if) an altitudinal-oriented trans motor. Adapted with

permission from reference 77, Copyright 2014 American Chemical Society.

The fabrication of discrete nano-objects that combine several molecular motors in order to access
defined collective mechanical motions is another important direction of research for nanotechnologies. In
the recent years, a great excitement appeared for the design of the so-called “nanocars”,'!”® having their
wheels made of rotary molecular motors powered by light, chemical, or electrical energy in order to propel
them at a surface. In 2011, Feringa and coworkers managed to achieve the electrically driven directional
translation of a four-wheeled nanocar over a copper surface.!!”’ This mechanically active single molecule
was designed by combining four chiral rotary motors as the four wheels surrounding a rigid chassis
(Figure 120a). After landing onto the Cu(111) surface by sublimation, individual molecules were imaged
by a scanning tunneling microscopy (STM) at 7 K, revealing the presence of three or four brighter spots

corresponding to the linked rotary motors (Figure 120b).
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Figure 120: (a) Chemical structure of the Feringa’s nanocar and cartoon representation of the meso-(R,S-

R,S) diastereomer. The red arrows correspond to the direction in which the properly combined clockwise

200



and anticlockwise rotations of the individual motors propel the entire molecule. (b) Schematic
representation of the experiment with the STM tip: electrons tunneling through the molecule excite
vibrational and electronic states and induce a translational movement over the surface. (¢) Side view
representation of the 360° rotation of a single rotary motor, and (d) of a four-wheel nanocar. (¢) STM
images of trajectories of ‘correctly landed’ (linear) (surface area: 10.2 nm % 9.3 nm) and ‘wrongly landed’
(circular/random) nanocar molecules (surface area: 7.0 nm x 7.8 nm). Adapted with permission from

reference !'7°, Copyright 2011 Springer Nature.

Under STM excitation (voltage pulse larger than 500 mV), geometric changes of the wheels were
imaged, revealing their sequential configurational and conformational isomerizations (provided by
electronic and vibrational excitation, respectively). Interestingly, three scenarios of directionality were
observed depending on the individual chirality of the motors and on the subsequent global geometry of
the four-wheel nanocar. When the heterochiral meso-(R,S-R,S) isomer is properly adsorbed onto the
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surface in a “flat” “orientation, the four motor units display a conrotatory motion, that is for instance with
the two left-hand-side motors of the chassis turning clockwise, and the two right-hand-side motors of the
chassis turning anticlockwise (see red arrows on Figure 120a). The net result of this cooperative system
is the propulsion of the nanocar in a straight trajectory after several rotations, even if this trajectory is not
perfect because not all the four motor units are able to receive simultaneous excitation during each step.
A translational distance of 6 nm over the surface was achieved after ten excitation steps. In contrast, for
the homochiral enantiomers (R,R-R,R) and (S§,S-S,S), the motor units display a disrotatory motion,
resulting in a net spinning or random trajectory of the nanocar at the surface. Although only four molecular
motors are integrated in the nanocar, this example is relevant in the context of this review because it

demonstrates the importance of chirality and global geometry of mechanically active modules in order to

efficiently synchronize their motions.
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4.3.3. Collective behaviors in liquid crystals

As mentioned in above sections, owing to their high sensitivity to the presence and the nature of dopants,
liquid crystalline (LC) matrices are commonly used to couple with photo-switches in order to generate
light-induced alignment reorganization.!'!®® Following general rules, it is well-known that the pitch of a
cholesteric LC film in the presence of a chiral dopant is inversely proportional to its concentration (c), its
enantiomeric excess (ee), and its helical twisting power (). As stated earlier in Section 2.2.2, the helical
twisting power is a property of a dopant-LC couple. In other words, the same dopant will have different
HTPs in different (nematic) liquid crystal hosts. When the dimension of the pitch is in the range of the
visible light wavelength, a well-defined, bright reflection with a distinct color can be observed. For
switchable dopant molecules, high stability, good reversibility, high helical twisting power (5), as well as
a large change in B values upon switching are required to achieve an efficient color tuning in liquid
crystalline films. Feringa’s rotary motors are intrinsically photo-dynamic chiral molecules and their first
incorporation into a LC matrix was accomplished in 2002 (Figure 121a).!'®! In this work, the helical
twisting power values of first-generation motors in a E7 LC matrix were determined by the Grandjean
Cano technique for (P,P)-trans-1a (B = +75 um™"), (P,P)-cis-2a (B = +8 pm™') and (M, M)-trans-1b (B = -
18 um™). Under UV irradiation (A>280 nm), the efficiency of the isomerization was found to be lower in
E7 LC films than that in solution, which was attributed to the absorption of the matrix up to 340 nm. But
the high helical twisting power of (P, P)-trans-1a in combination with the large -value change between
different states was sufficient to achieve tunable reflection wavelength throughout the visible spectrum
simply by changing the irradiation time (Figure 121d). Because of the high energy barrier in the second
thermal helix inversion step, heating to 60 °C is required to recover the original state. To work at room
temperature, the same group designed a chiral dopant (2°S)-(P)-1 based on a second-generation molecular
motor (Figure 121b).!132 The fluorene moiety was chosen for the lower part of the motor because its
structure resemblance to the biphenyl LC host compound E7, thus potentially enhancing the interaction
between the dopant and the matrix. Photochemical isomerization resulted in an inversion of helicity from

(2°S)-(P)-1a to (2°S)-(M)-1b and the subsequent thermal helix inversion from M to P occurs readily at
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room temperature in toluene (ti2 = 9.9 min). The B value of the motor can be switched here reversibly
between +90 pm'! (initial (2°S)-(P)-1a state) and -59 um™' (at PSS). Thus, a color change of the LC film
across the visible spectrum can be addressed (Figure 121e). Benefiting from the faster thermal helix
inversion process with that second-generation motor, recovery of the original state was achieved in 33

min, and the whole process showed good fatigue resistance (Figure 121f).

(a ) (P.P)trans-1a (M, M)-cis-2b ( b )
Me ax Me eq

(2'SP)y1a (2'S)}(M)-1b

(2'SHM)»-1b" (ZS)y(P)1a’

(M,M)-trans-1b (P.P)-cis-2a
Me eq Me ax

(c)

R— ) —cN

i
R,
.

Wi
SN

LC Host E7

Ao
)

)
.

e flo-\\\+-

n[/lu

‘\\\v- .

. (PPHrans1a
< (PP)-cis-2a

3y
.

[/’-n\\\‘-

. (MM)trans1b
- E7

y
1Y
<o fle-s\\\+-

)
N

~o[/la-'\
-o[/ll Y
e

-l,/ll

R4

-n[,la-\\\“-

(d)

‘e’ TITL

tme(s) 0 6 12 20 30 40 50 70

(f)

EEEEEERER

time (min) 1.30 220 4.00 535 646 8.09 10.40 13.00 16.46 21.02 32.35

Figure 121: (a) Four-step unidirectional rotation cycle of a first-generation molecular motor used as a
chiroptical switch in a LC phase. (b) Unidirectional rotation cycle of second-generation molecular motor
used in a LC phase. (c) Schematic representation of the chiral switch of a molecular motor in a LC phase
E7, and subsequent induced elongation of the LC pitch together with the associated change in light

reflection wavelength. (d) Colors of a LC phase doped with a first generation molecular motor (6.16
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weight% in E7), as a function of irradiation time (280 nm), and starting from pure (P, P)-trans-1a at RT.
The colors shown from left to right correspond to 0, 10, 20, 30, 40, and 80 s of irradiation time,
respectively. (e) Colors of a LC phase doped with a second generation molecular motor (6.8 weight% in
E7), as a function of irradiation time (365 nm), and starting from (2’S)-(P)-1a, and (f) during subsequent
thermal helix inversion at RT. Panels (a, ¢, and d) are reproduced with permission from reference ''®!.

Panels (b, e, and f) are reproduced with permission from reference ''*2, Copyright 2006 John Wiley and

Sons.

Further, Feringa and coworkers used the same rotary molecular motor as a dopant (1 wt%) in a
unidirectionally-aligned cholesteric liquid-crystalline film showing a polygonal fingerprint texture

(Figure 122a).!183
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Figure 122: (a) (i) General observation of the rotation of a micrometric glass rod at the surface of a LC
phase doped with a rotary molecular motor upon light irradiation or heating. (ii) Surface structure of the
liquid-crystal film (atomic force microscopy image; 15 um?). (iii) Glass rod rotating on the liquid crystal
during irradiation with ultraviolet light. Frames 1-4 (from left) were taken at 15-s intervals and show
clockwise rotations of 28° (frame 2), 141° (frame 3) and 226° (frame 4) of the rod relative to the position
in frame 1 (atomic force microscopy image; 15 pm?). (c) (i) schematic representation of the reversible
inversion of the preferred helical twist of a polymer backbone induced by a chiroptical molecular switch
at its terminus. (2’S)-(P)-m-PHIC induces a preferred M helical twist of the polymer backbone. UV
irradiation (A= 365 nm) of the photochromic switch yields to (2’S)-(M)-m-PHIC and to an induced

preferred P helicity of the polymer. Subsequent irradiation with visible light (A > 480 nm) reverts the
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system to (2’S)-(P)-m-PHIC with a preferred M helicity of the polymer. (ii) Optical micrographs of a thin
film (thickness, 200 pm) of (2’S)-(P)-m-PHIC in toluene (30 wt %) at various times (0 to 150 min) of UV
irradiation (A = 365 nm). After 150 mn, a PSS mixture is obtained that consists of a large excess of (2°5)-
(M)-m-PHIC. Scale bar, 50 pm. (iii) Optical micrographs of a thin film (thickness, 200 um) of (2’°S)-(M)-
m-PHIC in toluene (30 wt %) at various times (0 to 24 h) of UV irradiation (A > 480 nm). After 24 h, a
PSS mixture is obtained that consists of a large excess of (2’S)-(P)-m-PHIC. Scale bar, 50 pm. Panel (a
(ii, iii)) are adapted with permission from reference !'**, Copyright 2006 Springer Nature. (Panel (a (1)) is

reproduced with permission from reference '3, Copyright 2006 American Chemical Society. Panel (b)

is adapted with permission from reference ''*°, Copyright 2008 American Chemical Society.

Strikingly, it was observed by optical microscopy under UV irradiation at 365 nm that the polygonal
texture reorganizes in a rotational (clockwise) fashion. The rate of rotation gradually decreases until the
process halts after about 10 min. Removal of the light source causes the rotation of the texture to resume,
this time in the opposite (anticlockwise) direction. The direction of rotation of the liquid-crystalline
texture was proven to be determined by the change in helicity of the motor. The authors then demonstrated
that the rotation of the texture can be harnessed to rotate a micrometric glass rod on the top of the film. A
20-nm height surface relief was observed by non-contact atomic force microscopy on the doped liquid-
crystalline film, and the reorganization of the relief was believed to generate a torque to rotate the
microscopic object. Note that such a rotation was later on observed by Kurihara with simple

photoswitches as described in section 2.2.2.1% In a later paper using motors,''%*

more comprehensive
studies on the above system based on other liquid-crystalline matrices and alternative photo-switchable
dopant were carried out, and a possible mechanism of rotational reorganization was given. The pitch
change in response to the chirality change of the motor dopant requires a rotational reorganization of the

mesogens perpendicular to the helix axis and that is cumulative along this axis. This unfavorable

enormous reorganization promotes the change of the helix axis direction so that a longer pitch can be
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achieved while minimizing the orientational reorganization of the mesogens. This changing then results
in the change of local director angle and a local reorganization takes place to align the regions with similar
directors. This reorganization can be considered as a defect passing through the film, which drastically
changes the orientation and results in the amplification of the rotation at the microscopic scale. The
specific mechanism of rotation was elucidated, based on the hybrid anchoring of the confined liquid
crystal film.!!'¢ This hybrid (PH) anchoring mode of the cholesteric film at the liquid-air interface plays
a key role in the formation of the texture and their rotation is indeed the result of pitch adjustment to the
isomers of the motor having HTPs of opposite signs. The Bo, the angle between the normal to the stripes
of the textures and the direction of the rubbed surface, was found to have an approximate linear
relationship with 1/p for film with certain thickness. So the pitch changes (p = ¢ HTPp) induced by
photoisomerization (or thermal relaxation) of the motor molecules consequently result in the variation of
the Po angle. This process is recognized as the texture’s rotation in a microscopic observation.
Reorganization of the system is thus essentially dependent on the transmission of mechanical effects
mediated by a change in elastic free energy.

The same group also demonstrated that the molecular chirality of the motor can be transmitted
transiently to a macromolecular level by covalent attachment to a helical polymer,!'®” and then to the
supramolecular level of a cholesteric LC phase (Figure 122b).!'®° This was accomplished by covalently
functionalizing one end of a polyisocyanate with a modified motor, which here acts as a photochemical
chiroptical switch between two thermally-stable states. This characteristic allows transmission and
reversion of chirality between two stable P and M conformations of the polyisocyanate. Importantly,
switching between the two chiroptical states is fully photo-addressable by tuning the irradiation
wavelength either at 365 nm (Figure 122b(ii)) or over 480 nm (Figure 122b(iii)). In both photo-
isomerization processes, the pitch of the LC matrix was found to increase at first and then elongate to
such an extent that the cholesteric lines are no longer detectable by eye. At this point, the system contained
equal amounts of M and P helical polymer in the LC film, effectively canceling the global helical torque

of the LC. However, as expected, further irradiation resulted in the recovery of fingerprint texture,
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indicating a shortening of the pitch that reflects the enantiomeric enrichment of the helical mixture.
Although the thermal reorganization of the LC phase was found to be quite slower than the
photoisomerization process, this work successfully achieved a fully photo-addressable hierarchical
transmission of chiral information, from molecular to macromolecular and to supramolecular levels in the
LC phase.

Katsonis, Brasselet, and coworkers used subnanowatt light activation of second-generation molecular

motors to harness the reversible topological structuring of chiral frustrated LCs (Figure 123a).!!%8
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Figure 123: (a) (i) Helical twisting of a cholesteric LC of director n and pitch p. (ii) Frustrated LC film
in a cell of thickness d ( p>p.). (iii) Twisted defect texture for large enough d/p. (iv) Molecular motor used
as photo-active dopant, with a substituent R on the stereogenic center. Two derivatives were used: Ph-m
(R = phenyl group), and Me-m (R = methyl group). A bridged binol BB was used as a passive co-dopant.

(v) Left: Original image of the amplitude mask. Right: Image recorded of the imprinted checkerboard
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pattern at PSS (light intensity:1 mW.cm™%; Scale bar: 250 um). (b) (i) 10 um thick motor-doped LC film
confined between two glass slides promoting perpendicular orientation of the molecules and illuminated
observed by polarized optical microscopy between crossed linear polarizers. (iv-v) A secondary structural
symmetry breaking takes place spontaneously as the power increases up to P ~ 2 Pmin, and leads to a non-
axisymmetric self-organized pattern that rotates continuously clockwise or anticlockwise, depending on
the axisymmetric pattern from which it results (ii or iii). Scale bars of 20 pm. Panels (a (i-iii, v)) are
adapted with permission from reference '8, Copyright 2014 John Wiley and Sons. Panels (a (iv)) and (b)

are adapted with permission from reference ''*, Copyright 2018 Springer Nature.

The so-called “geometric frustration” of a LC film can occur when the pitch p is larger than a critical
pitch value p. for a film of thickness d which is submitted to homeotropic boundary conditions, while a
decrease of p to p<p. enables the chirality expression at supramolecular level. The commercially available
E7 mixture was used as the nematic host and doped with a molecular switch m. In order to set an initial
situation with p>p., a certain proportion of shape-persistent enantiopure co-dopant was used to favor a
left-handed helicity of the LC, and to compensate the right-handed twist promoted by m. Upon UV
irradiation, the left-handed cholesteric helix wound from an initial pitch p = 18 pm to a final pitch p = 1.7
um at the photo-stationary state. Thus, in a homeotropic cell of thickness d = 10 um, the cholesteric helix
is unwound at thermodynamic equilibrium in the dark, whereas frustration can be relieved under
irradiation with UV light. Based on this technology, large area checker-board pattern can also be achieved
using a stencil as a binary amplitude phase mask, with photo-stationary patterns being typically obtained
after 1 min of irradiation (Figure 123a(iv)).

In 2017, the same research groups reported on a very interesting phenomenon emerging from the same
chemical system (Figure 123b).!'® Above a critical light irradiation power of ~2Pmin (With Pmin referring

here to the minimum power necessary to generate twisted structures), a spontaneous axial symmetry
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breaking takes place in the chiral pattern, resulting in the emergence of an oscillating rotation pattern.
Based on the experimental data showing the dependence of the chiral pattern diameter on the incident
power, a simple reaction-diffusion model was used to calculate the corresponding diffusion coefficient of
the molecular motors. A good agreement of calculated value with those from literatures confirmed that
diffusion plays an important role in the emergence of these structures. However, experimental data also
showed an exponential dependence of the period of rotation with the diameter of the patterns, suggesting
that diffusion is not the only parameter involved. In particular, the helix inversion plays a key role in
preserving the rotation pattern and, overall, the out-of-equilibrium process rests on a non-local feedback
loop that involves the local concentrations of the motor isomers, their spatial gradients, as well as twist
gradients that occur across the liquid crystal structure. The diffusion of the chiral motors and the chirality
of the liquid crystal in which they diffuse always influence mutually. Specifically, whereas the pitch
distribution follows the spatial distribution of the molecular motors, further in return, the elastic relaxation
and the differential diffusion rates of the motor isomers is also creating a new chiral landscape in the
matrix. Thus, the access to oscillating patterns requires the collective interplay between the light-powered
diffusion/rotation of chiral motors and the long-range orientation gradients of LCs. Of course, one may
also consider whether a simple chiroptical molecular switch would be already sufficient to sustain such a
rotation pattern, although the high efficiency of overcrowded alkenes to induce large pitch and handedness
changes upon illumination, thanks to their axial chirality, remains unmatched by other photo-responsice
chiral dopants.!!?

Recently, Yang, and coworkers also reported on another light-powered dynamic reconfiguration of LC
helical structures (Figure 124).!'°! Here again, second-generation molecular motors (with a methyl
benzoate substitution) were used as chiral dopants in a rod-like LC host. In contrast to Katsonis and
Brasselet’s work, the initial state of the liquid crystal molecules was set in a homogeneous alignment
under the boundary condition imposed, and in which the molecules align parallel to the substrate with the
helical axes perpendicular to the substrate. UV irradiation of this device with a 365 nm light results in the

photochemical isomerization of the motor accompanied with a chirality change. The pitch of the LC can
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thus be varied from an initial state with pp= 2.0 um, to the photostationary state with ppss= 0.5 pm. The
compression of helical pitch involves reorganization with defects, resulting in the metastable opaque

regions originating from the mismatch of refractive indices among the disordered helical domains.
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Figure 124: (a) Photoisomerization and thermal helix inversion of chiral motors with a methyl benzoate

substituent at the 6-position. (b) Reversible structural reconfiguration of motor-doped helical LCs between
homogeneous helical axis (thermal relaxation) and random helical axis (upon UV irradiation). (c) Optical
micrograph of the striped photomask for fabricating the motor-doped LC grating. POM images of the
motor-doped LC with (d) homogeneous planar configuration after thermal relaxation and (e) binary
pattern at the PSS of alternating planar and focal conic states. (f) Transmittance spectra of the motor-

doped LC at the TSS and the PSS, respectively. (g) Schematic illustrations of the patterns observed in (d)
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and (e). (h) POM images of LC grating as a function of time during irradiation during photoirradiation

(80 mW.cm?) and (i) during thermal relaxation. Adapted with permission from reference ''°!.

On this basis, the authors also demonstrated a light-directed dynamic diffraction grating (Figure 124c-
1). M1-doped polymer-stabilized cholesteric LCs grating was covered by a stripe photo-mask and the UV
exposure created binary-stripe pattern with alternate transparent planar and opaque focal conic
configurations, which resulted in the appearance of diffraction pattern from a probe beam with a grating

period of =20 pm.

4.3.4. Collective behaviors within self-assembled structures

Self-assembled nanostructures, which can be perturbed by small energies in the order of a few kgT, just
as liquid crystalline phases, are highly sensitive to their environment and, hence, represent another very
attracting domain for the implementation of rotary molecular motors, with the promise to access
responsive soft nano-objects. In this direction, a few examples of the literature have been recently
described. For instance, an over-crowded alkene was inserted within the so-called tryptophan zipper
(“trpzip”’) monomeric B-hairpin sequence, which folds into a secondary structure without requiring metal
ion binding (Figure 125).!'%> The over-crowded alkene molecular switches functionalized with
dicarboxylic acid were protected at one half and then used as a starting building block in solid-phase
peptide synthesis to attach the B-hairpin sequence. Both the light- and heat-induced isomerizations were
shown to retain their efficiency even in the presence of the peptide. The self-assembling behavior and
resultant secondary structure were studied by CD, NMR and TEM. In methanol, the trans isomer forms
a single population of vesicles, while the cis isomer forms a mixed population of vesicles and fibers.
Interestingly, the transition state going from vesicles to fibers can be observed in TEM images, and the
fibers showed strong similarity with those formed by amyloidogenic peptides. In water, the frans isomer
shows sheet-like structures which can be disrupted by irradiation and subsequent heating, while the cis

isomer forms small apolar aggregates, invisible by TEM but probed by Nile red. The aggregates formed
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by the frans isomer are very different from the ones formed by azobenzene-based B-hairpin, a variation

explained by the much more hydrophobic core of the overcrowded alkene.
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Figure 125: (a) Rotary cycle for an overcrowded alkene functionalized with a Trpzip sequence. (b) TEM

image of the trans isomer in methanol. (c) TEM image of the stable cis isomer in methanol. Adapted with

permission from reference ''2, Copyright 2015 The Royal Society of Chemistry.

The group of Feringa also demonstrated the first example of a molecular motor incorporating
amphiphilic moieties, and leading to well-defined self-assembled structures in water (Figure 126). In
addition, they proved a reversible change of their morphology by using external light and heat
stimulations.'!> In this work, and in reference to their speed of rotation, “fast” (A) and “slow” (B)
amphiphilic molecular motors were designed and studied using cryo-transmission electron microscopy
(cryo-TEM) and UV-vis absorption spectroscopy. On the one hand, amphiphile (A) forms toroided
nanotubes when co-assembled with DOPC in water. However, its half-life time was determined to be of
40 ns by transient absorption spectroscopy, which was too short to observe any changes in the aggregates
upon irradiation of the motor. On the other hand, amphiphile (B) self-assembles into straight nanotubes
in water and, upon light irradiation, isomerization of the molecular component from its stable to its

unstable form causes the tubular structures to reorganize into vesicles. However, in order to regenerate
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the nanotube structure, subsequent freeze-thawing process had to be applied after heating the sample, thus
meaning that spontaneous reorganization at higher length scales does not take place. Nevertheless, the
authors demonstrated that it is possible for a motor to retain its function in aqueous solutions and utilized
its light-induced isomerization to reorganize the structure of soft self-assembled nanostructures.

7 (c)

— hydrophilic

— molecular motor

} hydrophobic

100 nm

Figure 126: (a) Chemical structures of amphiphilic molecular motors A (fast) and B (slow). (b) Schematic
representation of the morphological changes taking place in the supramolecular nanostructure upon
isomerization of the motor. (¢) Cryo-TEM micrographs of co-assemblies of amphiphile B and DOPC
(1:1) in water at a total concentration of 1 mg.mL! before irradiation (stable B); (d) after irradiation for
15 min at 365 nm (unstable B); (e) after heating at 50 °C for 16 h (stable B); and (f) after freeze-thawing

3 times. Adapted with permission from reference ''>, Copyright 2016 American Chemical Society.

To reach responsive supramolecular structures with higher complexity and lager dimensions, Feringa
and coworkers subsequently implemented amphiphilic motors in a hierarchical supramolecular assembly,
which turned out expressing a muscle-like behavior (Figure 127).!'®* The molecular motor was
functionalized with a dodecyl chain at its upper part, and two carboxyl groups at its lower part to allow
its water solubility. This amphiphile is indeed able to undergo self-assembly in water to form nanofibers

with high water content of 95 %. Further, aligned bundles of nanofibers can be obtained by drawing the
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aqueous solution of motor into an aqueous solution of Ca(II), a technique which also provides electrostatic

screening to avoid complicated processes like crystallization.
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Figure 127: Schematic representation of the hierarchical organization and photoactuation of a self-
assembled macroscopic string. (a) CPK structure of the photoresponsive rotary motor used and its self-
assembly into nanofibers. The nanofiber-containing solution is manually drawn from a pipette into a
CaCl; solution to achieve unidirectional alignment in bundles, generating a string that is able to bend upon
exposure to UV irradiation (represented by red arrows). (b) Photochemical and thermal helix inversion
steps of the motor used in this study. A single enantiomer is shown; the two stable isomers shown are
identical but viewed from different angles. Adapted with permission from reference ''**, Copyright 2017

Springer Nature.

The photochemical and thermal isomerization processes within the self-assembled nanofibers in water
were proven to be fully preserved by NMR and UV-vis spectroscopy study. Very interestingly, the UV
irradiation causes the self-assembled string to bend towards the light source from an initial angle of 0° to
a flexion angle of 90° in 60 seconds. A subsequent heating process at 50 °C in the dark restores its original
conformation within 3 hours. However, a retardation of the system is observed for the second
photoirradiation in which the same string only bends with a flexion angle of ~45°, a phenomenon

attributed to the relatively low thermal stability of the supramolecular string. In addition, a lifting
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experiment was performed with a 0.4 mg piece of paper adhered to the end of the string. Under
photoirradiation, the collective actuation of the switches is able to bend the string by 45° towards the light
source, and thus to produce a sufficient power to lift the weight. Based on in-situ small angle X-ray
scattering (SAXS) measurements of the string, the bending actuation was proven to be the direct
consequence of structural disordering and of the subsequent local contraction of the packing at the photo
irradiated side only.

The group of Qu also made use of an amphiphilic overcrowded alkene switch (OAS) to construct photo-

responsive nano-containers (Figure 128).!!%

(a) FEURE OR on Light RO, OR (b)
ot Y@ T

AN ¢
ro X i /E,,!J /I ] = a
I;)‘“.': OO0 |

R= N Do Oy

°
0

2z 3Z

Heat U »*

trans-OAS-TEG cis-OAS-TEG

Self-assembly , X Self-assembly,
/i 7
/ ; / §
H20 /,.j H20 17F €
//.'_.' N" % /{?h(, 2
/ i 4 ‘;// ,l "- 4 P
v Y »,
- / -
~ Light g, 7
I | ’@. ;)
Heat

Figure 128: (a) Chemical structures of trans and cis OAS-TEG derivatives (which are isomerized by light
and heat), and schematic representation of their responsive — stretchable — vesicular self-assembly in
aqueous solution. (b) TEM images of trans-OAS-TEG vesicles. (¢) TEM images of cis-OAS-TEG
vesicles obtained after 15 min of UV irradiation at 365 nm from (b). Adapted with permission from

reference ''%°, Copyright 2016 The Royal Society of Chemistry.

Tetra(ethylene glycol) (TEG)-functionalized OAS, with a hydrophobic core and two hydrophilic arms,
were shown to self-assemble into well-defined vesicles (with a diameter of <100 nm for the trans-OAS-

TEG isomer). Upon 15 min of UV irradiation (365 nm), structural changes of the isomerized OAS-TEG
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amphiphile resulted in the contraction of the pre-formed large vesicles into smaller ones. The larger
vesicles were recovered by heating the cis-OAS-TEG in aqueous solution under darkness at 40° for 10
min. Interestingly, the vesicles with switchable diameters have remarkably different volumes to contain
cargoes in their cavities. Calcein dye was loaded into larger vesicles, and its full releasing was monitored

by fluorescence after 150 min of UV irradiation.

4.3.5. Collective behaviors in polymers and gels

Coupling molecular motors in polymer main chains, as well as in polymer networks, for instance in the
form of chemical of physical gels, is of primary interest to couple their motions into mechanically active
materials. Here again the transmission of the chiral information over length scales can be envisaged as a
dynamic hierarchical process. For instance, in this direction, the group of Feringa demonstrated that the
chirality from a molecular motor can be transferred to a helical polymer via supramolecular ionic
interactions (Figure 129a).!"¢ In this study, a molecular motor was functionalized with two carboxylic
acid groups in order to provide ionic interactions with the ammonium side groups of a
polyphenylacetylene (in addition to basic hydrophobic interactions). Interestingly, the CD spectrum of
the helical polymer doped with the (P,P)-trans-motor is the mirror image (i.e. opposite helicity) of the
CD spectrum of the helical polymer doped with the (P, P)-cis-motor, even though the frans and cis isomers
have the same absolute configuration at their stereogenic centers and same helical chirality in their core.
Based on the distance between the two carboxylic acids (11 A for (P,P)-trans-motor and 6 A for (P,P)-
cis-motor), distinct binding modes were proposed to explain the preferred polymer handedness.
Irradiation of a sample doped with (P, P)-cis-motor resulted in a mixture of (M, M)-cis-motor and (P, P)-
trans-motor at PSS, which gave an inversion of CD signal indicating the inversion of the polymer
handedness. However, when a sample doped with (P, P)-trans-motor was irradiated, no inversion of the
CD signal was observed although the resultant (M, M)-cis-motor has a shorter distance between carboxylic
acid groups. This sharp contrast was explained in the way that the (M, M)-cis-motor, as it is a pseudo-

enantiomer of (P, P)-cis-motor, also induces the opposite helicity (compared to (P, P)-trans-motor).
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Figure 129: (a) Proposed control over the helicity of a polymer backbone using a photoresponsive
molecular motor as dopant. (b) (i) Photoisomerization behavior and predicted urea hydrogen bonding
pattern of trans and cis bis-urea LMWGs 1la-c. (ii) Transmission electron microscopy (TEM) of a gel in
toluene (0.5 mg mL-1) of trans-1b. (iii) Images of a gel of trans-1b in toluene (0.5 mg mL-1) before and
after an irradiation of 15 min at 312 nm and showing the gel to sol transition. The resulting solution was
irradiated for 15 min at 365 nm and gently heated to regenerate the gel upon slow cooling. Panel (a) and
(b) are adapted with permission from reference ''°%, Copyright 2017 The Royal Society of Chemistry, and

reference ''?7, Copyright 2016 The Royal Society of Chemistry, respectively.

In 2016, the same group reported the first overcrowded-alkene-based bis-urea low-molecular-weight
gelator (LMWG), which was able to undergo a trans-cis isomerization under UV irradiation and to show

a different gelation behavior in each of these two states (Figure 129b).!'"”7 The LMWG was synthesized
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by attaching urea end-groups with alkyl chains of different lengths to the overcrowded-alkene core.
Remarkably, the hexyl derivative (¢rans-1b) forms gels in toluene and xylene at a concentration as low as
0.4 mg.mL"! (which ranks it among the family of “supergelators”). TEM images showed self-assembled
thread-like fibers, fused and intertwined to form an entangled network (Figure 129b(i7)). In addition, a
complete gel-to-sol transition was observed by starting from trans-1b, and by irradiating the system at
312 nm to enforce a trans-to-cis photo-isomerization. A transparent gel was then recovered by irradiating
at 365 nm and subsequent gentle heating (Figure 129b(iif)). As illustrated in Figure 129b(i), all structural
analyses supported the fact that in the trans configuration, intermolecular hydrogen bonds dominate the
gelation process. In particular, single-crystal X-ray crystallography of the trans isomer clearly showed
the existence of intermolecular hydrogen bonds between urea functions. In contrast, density functional
theory (DFT) geometry optimization of the cis isomer indicates the possible formation of an
intramolecular hydrogen bond, thus leading to a sol transition when switching the motor.

Covalent polymer networks were also recently reported to serve as a very attractive transmission relay
between rotary molecular motors and our macroscopic world. In order to produce a useful work in a self-
standing material, our research group integrated light-driven unidirectional molecular rotors as active
reticulation units in a chemical polymer gel (Figure 130a).''”® The enantiopure motor core was
synthesized by a diastereoselective synthetic pathway compatible with scale-up up to the gram scale.!'”
After attaching four poly(ethylene glycol) (PEG) chains to the motor, the irreversible chemical cross-
linking of the gel was performed by a copper-catalyzed Huisgen (“click™) reaction. When swollen at a
concentration of 10 % wt/wt in toluene, a macroscopic contraction is observed at room temperature upon
simple irradiation at 365 nm. A maximum contraction of ~80 % in volume is reached after 120 min (Figure

130b).
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Figure 130: (a) Chemical design of enantiopure polymer—motor conjugates crosslinked by click reaction
to access chemical gels (R; = CH>CH2(OCH2CH2);-OCH»-C=CH, R,= NH-CH>CH2(OCH>CH3)s-
OCH2CH2N3, n =107 or 237). (b) Typical active gel (10 % wt/wt in toluene). (c) Schematic representation
of a crosslinked polymer—motor conjugate network, which, due to its mechanically active topology, twists
the polymer chains and reduces the entire size of the network upon light-driven rotations. (d) Snapshots
showing time-dependent macroscopic contraction of a piece of gel upon UV irradiation. Adapted with

permission from reference '8, Copyright 2015 Springer Nature.
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As a universal behavior, it has been shown by rheology that the ratio of the shear modulus before and
after the gel contraction is equal to its volume ratio, and that a maximum mechanical efficiency is reached
when the gel is crosslinked at the critical overlap concentration of the starting macro-monomers (c*).!2%
By looking in details at the experimental kinetic and thermodynamic parameters of the system, one can
reveal that the macroscopic contraction at the level of the whole material is achieved by amplification of
the continuous rotation of the individual motors in a collective way. This system uses the incoming light
to operate out-of-equilibrium at the individual motor level, which means that the motor is constantly
twisting the polymers chains under continuous light irradiation. The work produced by the motor at PSS
is transferred in elastic energy within the newly created conformational twists between pairs of polymer
chains. However, as the twisting of the polymer chains cannot be reversed without inversion of chirality
at the motor level, the resulting twisted conformation is persistent and the process is limited to a unique
contraction event at the level of the entire material. To overcome this limitation, a so-called “modulator”
unit was integrated in a second generation of materials (Figure 131).12°! This modulator, based on a
tetrasubstituted dithienylethene photoswitch, can act as an on-demand elastic releaser that operates at a
different wavelength to the one actuating the motor. Interestingly, the untwisting of the polymer chains
(at the modulator) operates through a different energy pathway that lead to their twisting (at the motor),
and thus creates a mechanistic hysteresis favorable to design a global out-of-equilibrium situation. The
overall process now functions as follows: with UV light, the motor is continuously rotating and the
modulator is in its cyclized form, thus sustaining the torsion of the polymer chains generated by the motor.
These combined effects lead to the global contraction of the material. Conversely, when irradiated with
visible light, the motor ceases its rotation and the modulator is switched to its open form, in which the
free rotations around C—C single bonds can then release the elastic energy accumulated in the braided
polymer chains. This basic concept to connect a nanomotor with a releasing elementary unit in a fully
integrated system is of great importance. It provides a general solution to overcome the unidirectionality
limitation associated with the necessary use of Brownian ratchets when working out of-equilibrium at the

nanoscale. Moreover, by playing with the frequencies of rotation of the motor and of the modulator (in
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particular by changing the intensities of UV and visible light), it becomes possible to control the actuation
of the entire material out of thermodynamic equilibrium with a global PSS that transfers into an apparent
frequency which combines clockwise and anticlockwise rotations with a given mechanical output. If the
contraction process is fully motorized, the expansion process also partly relies on osmotic pressure and
elastic modulus of the polymer chains which is, from a thermodynamic point of view, reminiscent of what
is observed in nature with muscular fibers. Such an artificial self-standing material is currently quite
unique because it really involves the full potential of molecular motors, which is to produce a progressive
work by cycling a constant unidirectional actuation within a system that is characterized by new

descriptors such as the spatial trajectories and frequencies of its modules.
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Figure 131: (a) Functioning principle and chemical design of an integrated motor/modulator system. (7)

Schematic representation of a reticulated polymer—motor gel that, under UV light irradiation, produces a
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continuous unidirectional out-of-equilibrium rotation of the motor part (red and blue cylinders) with
subsequent twisting of the polymer chains, which leads to a macroscopic contraction of the entire network.
A twist is defined as a new entanglement within a pair of polymer chains. (ii) Schematic representation
of a polymer—motor—-modulator gel that proceeds as in (/) when exposed to ultraviolet light, but that
untwists the polymer chains when exposed to visible light by activating the modulator part (green and
purple cylinders). Visible-light activation of the modulator allows its rotation in the opposite direction of
the elastic torque initially produced by the motor, and thus leads to a full re-expansion of the network at
thermodynamic equilibrium. (b) Chemical structures that compose the polymer—motor—modulator system

shown in (a, (ii)). Adapted with permission from reference '2°!, Copyright 2017 Springer Nature.

4.4. Conclusion

In this section, we have highlighted some examples of collective behaviors based on synthetic rotary
molecular motors, either influencing their systems as a function of their state as simple switches, but also
sometimes used for their capacity to constantly rotate out of thermodynamic equilibrium — and with the
potential to achieve a progressive work on their environment. By means of surface immobilization, of
doping in liquid crystal matrix, of self-assembling in nanostructures, or of hybridization with polymers,
their motion at molecular level can be transferred across length scales up to supramolecular, microscopic,
and even macroscopic levels. Various interesting functions have been achieved by these integrative
systems, including the controllable wettability of surface, the patterning of LC media, the powering of
nanomachines and of microscopic object, the switchable packing in self-assemblies, and the access to
active self-standing materials at macroscopic scale. Beyond these recent achievements, new endeavors
are still needed to gain a better understanding about the potential of such motors in the design of useful
materials that can be implemented in relevant technologies with high efficiency and reliability. We believe

that to cross this new scientific frontier, combined efforts between chemists, physicists, and engineers
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will be instrumental and that it represents a particularly exciting and promising field for interdisciplinary

research.

5. CONCLUSION AND PERSPECTIVES

This overview of the literature on the design of collective motions from synthetic molecular switches,
rotors, and motors, reveals the richness of the systems developed so far, and their potential to access new
kinds of functional materials.

First of all, this survey shows the high diversity of molecular actuators that can be involved, and which
can be all considered as potential elementary building blocks for the construction of molecular machines
(Figure 132, top panel). Various kinds of internal motional processes of different amplitudes can be
implemented at molecular scales, and include: cis-trans isomerizations, electrocyclizations, mechanical
bond actuations, axial rotations, and atropoisomerizations. From a more general point of view, one can
probably better define these individual building blocks depending on the thermodynamic nature of their
actuation, which determines their propensity to furnish different types of mechanical output. Hence,
whereas molecular rotors do not produce work, molecular switches produce a reversible work as a
function of their state, and motors produce a progressively increasing work as a function of their spatial
trajectories. However, as it will be discussed below, such a basic thermodynamic situation at nanoscale
can be changed by several means at higher length scales when these individual elements are integrated in
systems.

This review also shows the high diversity of physical mechanisms that exist to couple those individual
elements in space and time (Figure 132, middle panel). These phenomena are adapted to the chemical
nature of the systems considered, as well as to their degree of organizational order. For instance, molecular
actuation can generate variations of osmotic pressure or of interfacial energy, and can be therefore
transmitted indirectly up to the macroscale. In many other examples, the transfer of the actuation takes

advantage of ordered mesophases or even of crystalline organization to couple mechanical actuations with
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phase transitions or molecular packing modifications. The last type of transmission is based on the direct
mechanical amplification of molecular actuation such as encountered in molecular gearing or polymer
twisting. In a parallel with supramolecular chemistry, which rests on the (non-covalent) self-assembly of
structures from (covalent) molecular objects, such a hierarchical mechanics defines a continuum of

controlled and integrated mechanical transmissions beyond the molecule.
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Figure 132: Summary of the systems reviewed in this article highlighting the various objects and
processes taking place from the molecular level to the macroscopic one. Numbers between brackets

corresponds to references illustrating the notions highlighted.

Finally, this review shows the diversity of materials that can incorporate such dynamic elements,
including: liquids, liquid crystals, amphidynamic crystals, crystals, mono- and bilayers, self-assembled
soft materials, and various polymer systems. By integrating mechanically active building blocks, those
materials can become stimuli-responsive, and can display new adaptable functions going from wettability
to actuation (Figure 132, bottom panel). Interestingly, by playing appropriately with the long range
synchronization/desynchronization of molecular actuators in materials, and by breaking spatial and time-
reversal symmetries (e.g. by using anisotropic energy inputs or by designing macroscopic ratchets), it
becomes possible to generate emergent behaviors such as oscillations, and even to modify the
thermodynamic nature of the entire system compared to its elemental components, as for instance to
transform a system made of molecular switches into a macroscopic motor, which can produce cycles of
unidirectional actuations and deliver a repetitive and increasing work output (Figure 133). On the same
topic, one can also notice that working with molecular motors is not a guarantee to reach a macroscopic
motor when integrated in a collective system. Indeed, the necessity to reset the transmission processes (by
binding/unbinding, twisting/untwisting, etc.) should take place in coherence with the molecular motors

themselves in order to keep the entire system out-of-equilibrium.
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behaviour at larger length scale.

It is finally interesting to notice within this review the high number of applications that such integrated
systems have already touched, going from data storage and photonics, to drug delivery and robotics
(Figure 132, bottom panel).

Overall, based on this precise classification (Figure 132), one can propose a more general, simple, and
common vision of the various mechanical objects that are available and of the various mechanical
pathways to connect them at all scales, going from simple to more complex systems (Figure 133). Here
lies probably an interesting aspect of this review, which links numerous approaches — that have been
pursued so far by relatively different communities — into a single domain of research, and which highlights
the opportunities offered by harnessing molecular motion in order to produce new specific functions and
applications. In addition, this general vision — even if simplistic — presents the advantage to show still
missing parts of research that have remained fully untouched so far. For instance, one can obviously
imagine combining other types of molecular actuators in collective motions, such as conformationally
stretchable helical strands, reconfigurational DNA building blocks, or tautomeric species. One can also
suggest the synthesis of complex systems integrating various types of modules (gears, switches and

motors) functioning on their own mechanics but talking to one another. One can also see that most of the
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integrated systems which include molecular motors so far are based on light-driven processes. As
discussed in the introduction light has many advantages, but it could be of great interest now to extend
similar integration principles with molecular motors fueled with a chemical source of energy. Although
their individual functioning principle would be probably based on information ratchets, it does not
preclude in principle that they can produce collective behaviors. This would be for instance particularly
interesting to design biomaterials and smart implants or propellers to behave autonomously in the body
by making use of ATP as a source of energy. One can also notice that often, the use of molecular motors
has been underexploited, by implementing them in systems which in fine only act as switches. If recent
examples have already introduced the basic elements to integrate molecular motors in global
(macroscopic) motorized actuators, further temporal synchronization and/or spatial desymmetrization
would be necessary to amplify the potential of these systems in order to produce large autonomous
oscillations for instance.

In this direction, we believe that the implementation of top-down technologies involving engineering
tools will be also of crucial importance in the future developments of such systems in order to confer them
supplementary levels of hierarchical organizations (e.g. bundling, layering, and 3D printing). If these
engineering approaches have been already well developed with simple photochromic switches, it is not
yet sufficiently the case with more complex molecular machines and motors. In addition, the
investigations pursued to date have been mainly oriented toward the amplification of molecular motion
into other motions of larger amplitudes. But laws of physics permit that such actuations can be in turn
transduced into other functions such as pumping molecules or catalyzing chemical reactions, as existing
in living systems, and such functions would benefit to be integrated in large collective systems.
Additionnally, programing aspects to control sequential tasks made of collective motion should be now
explored. Combining all these aspects together, one can think of a multifunctional autonomous entity —
that is a multitask macroscopic machine made of molecular machines, and possibly capable of making
copies of itself (why not?) — as a considerable synthetic challenge. Finally, by considering more immediate

and practical aspects, the performances of these systems should be much improved — in terms of speed,
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workload, and robustness, but also in terms of production costs — because they will not become technically
relevant without being performant enough and compliant with industrial requirements. Although it is a
reality, and a true opportunity, that domains such as soft robotics are currently looking forward to these
new technologies, the gap is still wide from practical applications.

To conclude, we believe that the entire field of research defined in this review represents a particularly
interesting domain to express the creativity of researchers and engineers for many years to come. It is also
a domain that should be included in our teachings in order to train the next generation of scientists in an
interdisciplinary approach based on a number of fundamental concepts that will certainly give birth to

practical realizations of major technological relevance.
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