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Abstract Autonomous molecular-based microrobots have not been created despite
progress in our understanding of the chemistry of molecular motors and machines.
In the field of chemistry, the design and synthesis of molecular structures remain an
ongoing and diverse challenge. The creation of a system in which molecular struc-
tures interact represents an additional challenge. In order to functionalize a molecule
for a motor, it must be exposed to a specific reaction field. Synchronization of the
molecules involved is also required. In this chapter, we discuss our research results
on self-oscillatory flipping motions of azobenzene-containing assemblies. Briefly,
reversible photoisomerization of an azobenzene derivative occurs under steady light
irradiation. In coordination with phase transition events, a cycle modulated by the
components involved leads to repetitive structural changes. When this azobenzene-
based assembly is placed in water, the assembly exhibits autonomous swimming.
This macroscopic light-powered motion is the result of the self-organization of a
large number of nanometer-scale molecules and it provides an example of the poten-
tial for mechanical work to be performed by molecular assemblies. We subsequently
describe the driving concept of far-from-equilibrium dynamics, namely a dissipa-
tive structure by which a spatial pattern maintains dynamic behavior to drive the
mechanical motion observed.
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26.1 Introduction

26.1.1 Achieving Mechanical Work with Molecular Motors

The creation of active matter and active transporters is currently an exciting area of
research. For chemists, the synthesis of molecules which continuously and mechani-
cally perform work is a fundamental task in the preparation of such active molecular
devices. From this viewpoint, synthetic molecular motors have been proposed to date
[1-3]. Similar to the enzymatic molecular motors in biological systems, molecular
motors generally involve a molecular-based catalyst which spontaneously repeats
a cyclic structural change while converting a source of energy (e.g., a chemical
substrate, electric power, or light) into mechanical energy. The mechanical energy
generated by these molecular motors is the sum of kinetic energy and potential
energy. In this chapter, the definition of “molecular motor” extends beyond the tradi-
tional focus on salient and repetitive structural changes in molecules (Fig. 26.1). For
example, if a molecule achieves even a small structural change that converts energy
to mechanical potential energy, it is considered a molecular motor in this chapter.
Conversely, a molecule that does not attain an energy conversion to mechanical
energy will not be considered a molecular motor in the near future, even if chemists
traditionally recognize it as a molecular motor. The latter is based on the observation
that molecular motors have traditionally been defined based on structural equations
of molecules, and not necessarily on actual and realized functions.

In addition to light-powered molecular motors (or rotators) described by Feringa
[4-9], several light-powered [10, 11], redox-activated [12—-14], and chemical-fueled
[15-17] molecular motors have also been proposed. Chemical-fueled molecular
motors provide work with a small supply of energy, and thus, the development of

(“&h) (@) B__
B mechanical
??% energy ) energy
%D bstracti cyclic
0 adic
2.
® A

impu
~ c

mechanical -
; . . energy

Fig.26.1 Basic concept of the molecular motor model discussed in this chapter. Left: Anillustration
of an object which accomplishes a mechanical task by consuming a substrate. A, B, and C indicate
the states (structures) of the molecule or super-molecule which constitutes the motor. In this chapter,
we also describe molecules which do not produce mechanical work or exhaust as a type of molecular
motor
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such motors is of great interest. To achieve spatially unidirectional motion of a molec-
ular motor, molecular-level chirality is key. However, it is not sufficient due to the
principle of microscopic reversibility. To realize an effective and powerful molec-
ular motor that performs work, a nonlinear process is required in the motor system
to control the reverse process [18-20]. Recently, time-delayed chemical processes,
such as that employed in a “molecular information ratchet” [16, 21-24], have been
considered a good choice for generating molecular motors [25-28]. To date, light-
powered motors have been developed more rapidly than chemical-fueled motors.
This is partly because microscopic reversibility is not a concern for light-powered
molecular motors [25, 29-31].

However, even if excellent molecular motors are identified, the task remains to
have these motors act on another object to produce work. It is a straightforward
concept that the mechanical energy of a molecular motor in a monodispersed solu-
tion is converted immediately to thermal energy, without mentioning the physical
principle of Onsager’s reciprocal relation [25, 32]. Given the importance of friction
for actual work, it is important that the spatial and temporal scales of a working
system be considered. A relative size difference between a motor and an object is
required in a mesoscale system. The concept represents a challenge in the field of
molecular motor research. One promising approach is to place a molecular motor
on a large substrate and construct an anisotropic reaction field [33]. A pioneering
example is light-powered electron transportation through a vesicular membrane to
generate a proton-motive force [34, 35] or electromotive force [36]. In this model,
the molecular motor (generally referred to as the “sensitizer”) cyclically changes
its shape as a result of changes in structure to achieve an excited state, followed
by the generation of a radical/ion state. These cyclic changes are represented with
triangle, square, and circle symbols, respectively, in Fig. 26.2a. Another well-known
example involves the long-term rotation of small rods on cholesteric liquid crys-
tals with light-powered molecular motor dopants [37—40]. To achieve a continuous
motion with relative size difference, synchronization of molecular motion is required
(Fig. 26.2b). If molecular-level motions are not synchronized, the system falls into a
static steady-state and no further mechanical motion is expected (Fig. 26.2¢). Thus,
it is necessary to keep a system far-from-equilibrium state via a nonlinear process
[41].

26.1.2 Motion of Macroscopic Objects

In this chapter, we focus on the synchronization of molecular motors in regard to a
“photosynergetic” aspect. As mentioned above, one of the advantages of chemical-
fueled molecular motors is their energy efficiency. In cooperation with thermal fluctu-
ations, the energy efficiency of structural transitions can potentially reach up to 100%
[42]. However, it is rather difficult to accommodate the injection and elimination of
chemical substrates when constructing an artificial motorization system in a solid
phase. To date, most studies of self-organized motion using chemical processes have
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Fig. 26.2 Strategies for achieving mechanical work by a molecular motor. a Molecular motors
can work individually by being placed in an anisotropic reaction field. This concept is realized in
transport systems that exist across biological membranes. b Mesoscale materials can assemble into
molecular motors. By synchronizing a molecular motor to create a cyclic process, a mesoscopic
supramolecular motor is expected to be realized. ¢ If a system does not achieve synchronization,
the material will not produce a work function

used systems constructed in a liquid phase, or systems which employ diffusion and
a surface-based reaction [43]. In contrast, a light-powered molecular motor has its
fuel supplied in a bulk phase without contact or discharge being an issue. To achieve
work by a molecular motor, synchronizing of motor function is a fundamental issue.
Therefore, the use of light-powered molecular motors is preferred given the current
chemistry available, despite the low energy efficiency of these motors.

To date, macroscopic, continuous dynamics of synchronized light-powered
molecular motors have mainly been realized by using polymer films [44-51]. In
these studies, a self-shading mechanism where light triggers a morphological change
in a polymer causes auto-switching of light-absorption efficiency. An overview of
the periodic cycle for this model is summarized in Fig. 26.3. The relative location
of the light source, the polarization state of the light, and/or the anisotropic struc-
ture of the polymers involved provoking the structural change which occurs. It is
important to note that it is a shape change that affects the light-receiving property
to modulate the region for photoreaction and its reaction velocity. As a result, repet-
itive dynamics are observed. In a system exhibiting periodic motion, a time delay,
existing in relation to the change in polymer shape which occurs after isomerization
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Fig.26.3 Schematic illustration of a cycle which provides self-continuous flipping motion of light-
responsive polymers fixed on a solid stage. The motion is powered by directional light. Structural
changes occur after photoisomerization, and this automatically induces a change in the irradiated
face (position)

of the molecule, prevents the system from reaching equilibrium [52]. However, if the
polymer’s structural change occurs within the same time span as the photochemical
process involved, the system will not achieve self-continuous dynamics. Indeed, the
experimental results described by White and coworkers indicate that a decrease in
incident light intensity slows down the photochemical process and the amplitude
from the so-called equilibrium position becomes closer [45]. Very recently, when
a polymer film was affixed to a solid frame, locomotive objects working on a solid
surface [51] or a water surface were realized. In these systems, the direction of motion
was determined according to the direction of the incident light.

As shown above, “reversible molecular transformation”, “spatial anisotropy”,
and “time-delayed switching of reaction efficiency” are a set of conditions that
are required to achieve a system with self-continuous macroscopic dynamics. By
applying this set of requirements to an object, autonomous work independent from
direction by external anisotropy is expected. Unfortunately, there have been very
few examples of successful systems. However, our group previously reported a
self-oscillatory flipping motion by azobenzene assemblies under steady light irra-
diation [53]. Thus, a discussion of our ongoing research and results for the latter
light-powered motion system is subsequently provided.
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26.2 Realization of Self-Oscillatory Flipping Motion
of Azobenzene Assemblies

The theory of self-organization in continuous dynamics was established based on a
series of studies of dissipative structures [54]. This type of structure is dynamic, yet
it maintains an ordered configuration, in the presence of an energy source. In regard
to photochemical self-oscillation, Nitzan and Ross first proposed that a reversible
photochemical process which involves immediate thermal relaxation and a time-
delayed reversible thermal process may form a dissipative structure (Fig. 26.4a)
[55]. According to their theory, temporal patterns form as follows. A photo-process-
induced fluctuation in temperature causes a shift in the equilibrium of a thermal
process. The behavior of this system then modulates the velocity of the photo-process.
However, under regular experimental conditions, keeping the system from achieving
“equilibrium” (namely, achieving an attractive state in the presence of energy supply)
is difficult without involving additional processes due to the required steep change in
temperature. Experimentally, oscillations in fluorescence have been observed in solu-
tions containing 1073 mol/L solutes [56]. Further studies concluded that convection of
light-irradiated solutions in optical cuvettes mediates the fluctuation in fluorescence
observed (Fig. 26.4b) [57, 58].

Alternatively, we focused on shifts in reaction rates as a result of phase transi-
tions. Since the reaction rate of a photochemical process depends on the conditions of
the molecule involved, a phase shift represents an opportunity to alternate the reac-
tion kinetics of a photochemical process. Correspondingly, a photoisomerization-
triggered molecular realignment of an assembly was recognized as a good target for
generating a system characterized by self-continuous dynamics.

Azobenzene is a well-known photochromic compound that undergoes a trans-to-
cis and cis-to-trans photoisomerization event via n-* excitation. This event gener-
ally occurs at a wavelength of 450 nm. We first designed a system composed of
an azobenzene derivative and a fatty acid, since the shape of a molecular assembly
of fatty acids has been shown to depend on the activity of protons surrounding the
assembly [59]. By changing the molecular association externally, a shift in proton
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Fig. 26.4 A solution-phase dissipative structure formed by a photochemical process. a This model
was proposed by Nitzan and Ross in 1973. b The model was confirmed experimentally with
observations of fluorescence fluctuation
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activity and reassembling of molecules are predicted. Correspondingly, our system
was designed so that photoisomerization of the azobenzene derivative would trigger
realignment of the fatty acid molecules to modulate the kinetics of the photoisomer-
ization events. A helical assembly of oleic acid (1) and an amphiphilic azobenzene
(2) never showed repetitive motion under steady light irradiation [60]. Rather, a
multi-step recoiling motion was observed involving acid-dissociation behavior of a
carboxyl group [61]. Vesicular, tubular, and block-like assemblies also did not exhibit
repetitive dynamics [60]. However, we eventually observed that plate-like assemblies
of 1 and 2 exhibited repetitive flips under steady blue-light irradiation (Fig. 26.5)
[53].
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Fig. 26.5 Self-continuous flipping motion observed for a co-assembly of oleic acid (1) and an
azobenzene derivative (2) by Ikegami in 2016 [53]. a The chemical structures of 1 and 2 are shown
along with the photochromism step of 2. b A generalized illustration of the flipping motion of
azobenzene with states A-C and A and B indicated. c¢—j Video imaging of the flipping motion of
a 1 crystal detected with a differential interference contrast microscope equipped with a mercury
lamp unit (\j;y = 435 nm). The left side of the crystal exhibited alternating flips (cyclically around
A, B, and C), while the right side of the crystal exhibited singular flips between the A and B states.
A video is available from the website listed in Ref. [53]
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26.3 Mechanism for Self-Continuous Flipping Motion

A co-assembly of molecules 1 and 2 leads to two types of self-oscillatory flipping
motion under blue-light irradiation [53]. One type involves a single flipping event,
while the second type involves a multi-step flipping event. The mechanistic study
described in this section targets the singular flipping motion, while the multi-step
motion is described below in Sect. 26.4, and in further detail in [62]. When a disper-
sion of the co-assembly was analyzed in situ with X-ray diffraction (XRD), the
small-angle profile showed one-peak and two-peaks in the dark versus under blue-
light irradiation, respectively (Fig. 26.6a). These results indicate that a new phase
co-exists with the original phase under light irradiation. Figure 26.6b shows the
time-course behavior of the self-oscillatory motion detected under various intensi-
ties of steady 435-nm light. Figure 26.6c shows the time-course behavior of another
assembly under 435 and 470-nm light, while Fig. 26.6d shows the time-course of
thermal behavior of the co-assembly after light irradiation. Taken together, these
results indicate that one-cycle of the flipping motion of the co-assembly consists of
four steps. Step 1 is a trans-to-cis photoisomerization event, while step 3 is a cis-
to-trans photoisomerization event. Meanwhile, reversal of the isomerization events
occurs due to phase transitions that occur in steps 2 and 4. These transitions are
caused by shifts in the kinetic properties of 2. Slope values for the logarithmic rela-
tionship between incident light power and the duration times of steps 1 and 3 are
1 (Fig. 26.6b), indicating that these steps are photon number-determined processes.
In other words, to shift from the photo-process events (e.g., steps 1 and 3) to the
phase transition-processes (e.g., steps 2 and 4), the isomer ratio of the assembly
must achieve a particular threshold. This means that the self-oscillation property of
this system is not chaotic, but rather represents a type of limit-cycle (Fig. 26.7).
Therefore, the assembly charges internal energy (the sum of the mechanical stress
and the enthalpy of molecular formation) up to its threshold by accepting light in
step 1. The assembly then discharges part of the energy with morphological changes
in steps 2 and 4. Overall, these events demonstrate that this assembly has the ability
to apply mechanical work to other objects periodically. For example, when the co-
assembly is placed in water, it applies impulses to the water which manifests as a
swimming motion [53]. Details regarding this system are reported elsewhere [63,
64].

26.4 Analogues also Exhibiting a Self-Oscillatory Flipping
Motion

The simple mechanism described above may also be observed in other assemblies
composed of photochromic compounds. However, until now, we have not investi-
gated photochromic compounds other than azobenzene derivatives. To date, we have
successfully generated several self-oscillatory motions in co-assemblies of several
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Fig. 26.6 Characteristics of the light-powered periodic flips of an azobenzene-containing co-
assembly. a The in sifu small-angle XRD profiles of the co-assembly under dark conditions (left)
and under blue-light irradiation (right). b Time profile of the periodic motion of the co-assembly
under irradiation with various intensities of steady 435-nm light (left). Light power dependencies of
duration time (11, and t3) and frequency (right) are shown. ¢ Time profiles of the periodic motion of
the co-assembly under irradiation with 470-nm light (left) versus 435-nm light (right). d Behavior
of the co-assembly after removing the light source. When the co-assembly was in its bent-shape
phase and the light source was removed, thermal relaxation via a phase transition was observed.
All figures were produced from the original data [53]
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fatty acids and azobenzene derivatives, examples of which are shown in Fig. 26.8
[65]. A waved, ribbon-like assembly of stearic acid, 1, and 2 exhibits a multi-step
frog-kick motion [53]. A plate-like assembly of the same compounds was observed
when they were maintained at 80-Hz for more than 5 min [66]. Many of the hexag-
onal or parallelogram plate-like assemblies of fatty acids and azobenzene derivatives
exhibit self-oscillatory flipping motions, while ribbon-shape assemblies exhibit a
wavy motion [65, 66]. Many varieties of motions have been observed, and there
appears to be some trends in the relationship between molecular structure and the
spatial pattern of the motion observed. The details of these trends are currently being
investigated [65].

We have been particularly interested in one of the polymorphs of a single-
component crystal of 2, which showed repetitive winding dynamics during exposure
to blue-light irradiation [62]. The crystal has a symmetry-broken space-group (P;)
with six independent molecules in each unit-cell [67]. Additional characteristics of
this crystal include a spare-and-dense layered structure, as well as an anisotropic
structure related to a directive flipping motion under non-directional light irradi-
ation. Based on the fact that the average isomer ratio in its steady-state was less
than 8%, we have assumed that a particular molecule undergoes isomerization to
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Fig. 26.8 Structures of the azobenzene molecules which generate light-powered self-oscillation
motions when they assemble with fatty acids

o
O o] oM
N:Nz©/ WOH N°N© HJ\gOH



26 Interplay of Photoisomerization and Phase Transition Events ... 459

trigger a phase transition of the crystal, and then it accepts feedback in the manner
described above. Meanwhile, the other molecules serve as building blocks to prevent
the assembly from breaking down. Our most recent results further indicate that the
latter molecules also play a role in selecting the path for the periodic cycle of this
system. As a result, periodic changes in shape are varied according to the externally
defined light-polarity.

26.5 Conclusion and Remarks Regarding Self-Organized
Molecular Motors

The inventions of the water mill and windmill have proved very important for
advances in agriculture. Meanwhile, the invention of the steam engine has allowed
humans to move objects as small as electrons to objects as large as ships. The key
to all of these inventions is that the objects involved are connected to motors. There
is no exception. Thus, when we create a self-moving microrobot, we must have a
suitable motor.

To date, organic chemists have synthesized molecules that undergo salient changes
in their structures. If a cyclic change occurs when steady energy supply is available,
this has been considered a molecular motor according to traditional definition. On
the other hand, if the change in structure requires alterations in the conditions of
the molecule to achieve the change in structure, this has been considered a molec-
ular machine. In parallel, material scientists have worked on generating microrobots
which move under the direction of remote control. In these microrobots, molec-
ular machine has been employed rather than molecular motors [68, 69], because an
unsynchronized molecular motor is never worked. However, to attain an autonomous
function in microrobot, a suitable molecular motor system is needed.

To date, our ability to obtain work from a molecular motor remains insufficient.
One reason may be that we need to better understand molecular self-organization.
A series of theoretical studies related to dissipative structures have clearly indicated
how autonomous energy conversion can occur in a mesoscale molecular system.
A dissipative structure involves a dynamic whereby multiple nonlinear processes
are coupled in a feedback manner. As a result, they form a spatial and temporal
system which exhibits self-continuous dynamics compared with the original process
shown in Figs. 26.2 and 26.7. The importance of dissipative structures is their far-
from-equilibrium behavior: the distance from so-called equilibrium (not thermal
equilibrium) is related to the capability of the mechanical function which a system
can accomplish. Moreover, this distance from equilibrium is required to be main-
tained despite the generation of external disturbances as the system acts on external
objects. Therefore, the limit-cycle-type self-oscillation system described in this
chapter appears to be the best system for developing a motorization system [70].
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Thus, while strategies for creating such dynamics at the molecular level have not
been successful to date, recent efforts to construct a multi-molecular motor system
appear to be a promising approach for attaining a working molecular system in the
near feature.
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