Open Access Article. Published on 09 April 2024. Downloaded on 11/8/2025 4:41:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

#® RovAL SOCIETY
ap OF CHEMISTRY
PCCP

REVl EW View Article Online

View Journal | View Issue

W) Cheok for updates Molecular machines working at interfaces:
physics, chemistry, evolution

Cite this: Phys. Chem. Chem. Phys., . .

2024, 26, 13532 and nanoarchitectonics

Katsuhiko Ariga, (2 *®° Jingwen Song (2 € and Kohsaku Kawakami () <

As a post-nanotechnology concept, nanoarchitectonics combines nanotechnology with advanced
materials science. Molecular machines made by assembling molecular units and their organizational
bodies are also products of nanoarchitectonics. They can be regarded as the smallest functional
materials. Originally, studies on molecular machines analyzed the average properties of objects
dispersed in solution by spectroscopic methods. Researchers’ playgrounds partially shifted to solid
interfaces, because high-resolution observation of molecular machines is usually done on solid
interfaces under high vacuum and cryogenic conditions. Additionally, to ensure the practical applicability
of molecular machines, operation under ambient conditions is necessary. The latter conditions are met
in dynamic interfacial environments such as the surface of water at room temperature. According to
these backgrounds, this review summarizes the trends of molecular machines that continue to evolve
under the concept of nanoarchitectonics in interfacial environments. Some recent examples of
molecular machines in solution are briefly introduced first, which is followed by an overview of studies
of molecular machines and similar supramolecular structures in various interfacial environments. The

interfacial environments are classified into (i) solid interfaces, (ii) liquid interfaces, and (iii) various material
and biological interfaces. Molecular machines are expanding their activities from the static environment
Received 19th February 2024, of a solid interface to the more dynamic environment of a liquid interface. Molecular machines change
Accepted 8th April 2024 their field of activity while maintaining their basic functions and induce the accumulation of individual
DOI: 10.1039/d4cp00724g molecular machines into macroscopic physical properties molecular machines through macroscopic

mechanical motions can be employed to control molecular machines. Moreover, research on molecular
rsc.li/pccp machines is not limited to solid and liquid interfaces; interfaces with living organisms are also crucial.
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1. Introduction

Materials science has been developed to solve various social
problems such as environmental," energy,”> and biomedical
issues.® It has become clear that the regulations of microstruc-
tures and nanostructures in materials have significant impacts
on their functions. In materials science, precise structural
control has become increasingly important,* in addition to
the development of traditional scientific disciplines such as
organic chemistry,” inorganic chemistry,® polymer chemistry,”
coordination chemistry,® supramolecular chemistry,” bio-
chemistry,"® and other materials sciences.'" In other words,
the performance of the same material can be greatly enhanced
by precisely controlling its nanostructure. Especially, the devel-
opment of nanotechnology since the 20th century has encour-
aged this trend of materials research. Techniques that allow
high-resolution observation of atoms and molecules,'* as
well as have the ability to measure the properties of single
molecules,™® reveal the special properties of nanostructures.
At the same time, methodologies have also been developed in
supramolecular chemistry and coordination chemistry to fab-
ricate precise nanostructured materials from molecules and
ions by skilfully utilizing molecular recognition phenomena™*
and molecular assembly formation.'® Just as nanotechnology
has changed the course of science as a breakthrough concept,
some concepts should be proposed that integrate these trends.
As a post-nanotechnology concept,'® nanoarchitectonics has been
proposed as the integration of nanotechnology with organic
chemistry, supramolecular chemistry, materials science, microfab-
rication engineering, and biotechnology to develop functional
materials (Fig. 1)."” Nanoarchitectonics elevates nanotechnology
to an advanced materials science. Further development by incor-
porating new technologies such as materials informatics is also
anticipated.®

As Richard Feynman proposed nanotechnology in the 20th
century,'® nanoarchitectonics was proposed by Masakazu Aono
in the 21st century (or the very end of the 20th century).>
Nanoarchitectonics is not based on a simple unitary assembly
based on equilibrium as in self-assembly, but a combination of
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options from atomic/molecular manipulation, chemical trans-
formation (organic synthesis), physical transformation, self-
assembly/self-organization, arrangement by external fields,
nano/micro-fabrication, biological technologies, etc. to archi-
tect functional materials.> Compared to equilibrium-based
aggregate formation, asymmetric and hierarchical structures
can be easily created.>” Since all matter is originally made of
atoms and molecules, this methodology is applicable regard-
less of materials or applications. It can be likened to the Theory
of Everything in physics,”® and can be called the Method
for Everything in materials science.>* The application of this
methodology extends from the basics, such as material
synthesis® and structural control,?® to applied fields, such as
sensors,”’ devices,”® environment,* energy,*® basic biochemi-
stry,*! and biomedical applications.>?

Here, molecular machines are considered as contents of
nanoarchitectonics. Molecular machines are molecules or
molecular assemblies that perform specific movements and
have properties defined like general machines. Molecular
machines made by assembling molecular units and their
organizational bodies are also products of nanoarchitectonics.*?
Looking at the progress of molecular machine research, it some-
times looks like the evolutionary process of living organisms.>*
Organisms originated and evolved in the oceans and then
exploded on land. Also, organisms that functioned in single cells
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developed their functions by becoming multicellular. These ele-
ments can be seen in the nanoarchitectonics of molecular
machines. Interestingly, we see such medium-induced evolution
in molecular machines (Fig. 2). Evolution of molecular machines is
driven by technical advancements in analyses and fabrications.
Originally, studies on molecular machines have analyzed the
average properties of objects dispersed in solution by spectro-
scopic methods.* This is exactly how unicellular organisms arose
in the ocean. Functional molecular systems perform diverse func-
tions by forming supramolecules and aggregates.®® This is like the
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Fig. 2 Progress of molecular machine research, it sometimes looks like
the evolutionary process based on medium-induced evolution.
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emergence of multicellular organisms in the ocean. The develop-
ment of analytical techniques through nanotechnology has made
it possible to observe individual molecules at high resolution.
Molecular machines, nanocars, and other structures have been
observed on solid substrates.?” This is like tracing the history of
organisms moving from the oceans to the land. Studies at the
interface of molecular machines facilitated this evolution.

The evolution of molecular machines also requires further
advances. High-resolution observation of molecular machines
is usually done under high vacuum and cryogenic conditions.
However, for their practical use, molecular machines need to be
able to function under ambient conditions. It is also necessary
to work with macroscopic stimuli and motions. These condi-
tions are met in dynamic interfacial environments such as
the surface of water at room temperature.>® At the air-water
interface, amphiphilic molecules form monolayer structures
according to molecular machine research under ambient
conditions.* In that environment, the molecular recognition
ability through hydrogen bonding and other means has been
demonstrated to be much higher than that in water.*
In addition, monolayers on the water surface can deform
laterally on a macroscopic scale such as tens of centimeters,
and this movement is coupled with nanometer-sized conforma-
tional changes of molecular machines in the monolayer.*" The
force applied to the molecule at that time is only a few pN to
several tens of pN per molecule,*” which is much smaller than
the force required for photoisomerization as molecular actions
are typically used in supramolecular control of conventional
molecular machines. In other words, the nanoarchitectonics
approach of assembling molecular machines as a monolayer
at a liquid interface enables delicate machine manipulation
similar to that of living organisms.** From this perspective,
liquid interfaces are becoming a new playground for molecular
machine research.

Molecular machines evolve while changing the environment
in which they operate. This review summarizes the trends of
molecular machines that continue to evolve under the concept
of nanoarchitectonics in interfacial environments. Some recent
examples of molecular machines and supramolecular func-
tional structures in solution are briefly introduced first. This
is followed by an overview of studies of molecular machines
and similar supramolecular structures in various interfacial
environments. The interfacial environments are classified into
(i) solid interfaces, (ii) liquid interfaces, and (iii) various mate-
rial and biological interfaces. In addition to the importance of
interfaces as a place to accurately evaluate one of the molecular
machines, interfaces that form a group and perform a harmo-
nized function will be discussed.

2. Molecular and supramolecular
machines in solutions

The basis of molecular machine research is the observation and
evaluation of the function of molecules with well-defined
structures built based on organic and supramolecular chemistry,
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which were originally studied in solution systems. That research
trend continues, and many molecular machines and supramole-
cular systems have been developed based on great molecular
designs.** However, it is not the purpose of this review to intro-
duce them all exhaustively. Here, an overview is provided of the
importance of architecting supramolecular systems that function
like machines at the nano-level, supplemented with a few examples.

Molecular assembly structures with machine-like or similar
functions have been proposed one after another. For example,
one-dimensional (1D) channel structures with a specific size of
space, entrance and exit, are thought to be able to transport
guest molecules from the entrance to the exit. A recent review
by Ogoshi and co-workers describes the fabrication of
molecular-scale continuous 1D channels from pillar[n]arenes.*®
By covalently linking pillar{n]arene units, continuous and discrete
1D channels can be synthesized. Molecular cages are also being
considered to demonstrate the specific properties of isolated
molecules. When a substrate is confined in an isolated cavity, it
is placed in a distinctly different situation than in a bulk solution.
A recent review article by Takezawa and Fujita discusses trends in
coordination-type molecular cages (Fig. 3).”® By confining mole-
cules within a cage, the cavity can trap, arrange, fold, compress,
and twist the guest molecules. Sawada and Fujita use metallo-
peptide chains to architect such self-assembled nanospaces.*”
Based on the cooperative process of peptide self-folding and

View Article Online

PCCP

metal coordination, they have succeeded in building unprece-
dented and geometrically well-defined nanostructures by passing
multiple metal-peptide rings. Haino and co-workers have used
calix[4Jarene oligomers as a nanospace continuum and have
performed conformational analysis of these oligomers.*® These
examples illustrate recent developments in the art of architecting
nanospace as a functional field through skilful consideration of
molecular designs.

Unique examples of molecular memory machines utilizing
the helical structure of polymers have also been reported. A
recent review article by Yashima and Maeda describes synthetic
helical polymers with static and dynamic memory functions of
polymer helicity.*® Based on molecular interaction and external
stimuli, polymer conformation is often trapped in the local
energy minimum thermodynamically. This behavior works like
memorization of particular conformation such as fixed helicity.
The helix induction and subsequent dynamic and static mem-
ory strategies do not require specific chiral monomers or chiral
catalysts and initiators for the synthesis of helical polymers.
Under this condition, both right-handed and left-handed heli-
cal polymers can be synthesized. The two systems shown in
Fig. 4 are the first to demonstrate helix induction and subse-
quent static memory, possessing complementary properties in
terms of the time required for memory and the stability of the
static helicity memory. The process shown on the right panels
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requires a longer time than the system in the left panel for helix
induction and subsequent static helix memory at higher tem-
peratures. The latter has a higher helix-induction barrier, which
allows for further modification while maintaining static helical
memory, further improving the stability of static helical mem-
ory. According to the merits of these complementary static
memory properties, they have successfully developed a switch-
able chiral stationary phase for HPLC, a chiral catalyst, and a
highly sensitive colorimetric/fluorescent chiral sensor.

There have been a series of excellent molecular machine
developments that have greatly advanced the working of con-
ventional molecular machines. As a molecular machine for
producing molecules, Leigh and co-workers reported a pro-
grammable stereo-crossing synthesis machine.*® It is a robot-
like molecular machine that moves substrates between differ-
ent activation sites to obtain different products. The molecular
robot can be programmed to stereoselectively generate any of
the four diastereoisomers from the addition of thiols and
alkenes to o,B-unsaturated aldehydes in a one-pot, sequential
manner. Such programmable molecular machines are expected
to play an important role in chemical synthesis and molecular
manufacturing. Controlled synthesis of rotaxanes by molecular
pumps has also been reported by Astumian, Li, Stoddart, and
co-workers who used artificial molecular pumps coupled with
cyclic redox-driven processes to supply rings in pairs to produce
higher energy poly[n]rotaxanes to appear as an assembled
line.>* This programmable strategy allows the precise incor-
poration of 2, 4, 6, 8, and 10 rings with 8", 16", 24", 32%, and 40"
charges, respectively, into polymer dumbbells with 6 cation
charges.

Molecular systems that perform a wide variety of functions
under rational control are being continuously investigated.
Developing a rotary system that couples directional motions
is an important challenge for driving several molecular
machines in a coordinated manner. Feringa and co-workers
have developed molecular rotary motors based on more
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Fig. 5 A system to coordinate guest trapping into cyclic molecular space
of synthetic macrocyclic compound cucurbit[7]uril in which guest mole-
cules can be exchanged via kinetic trapping and by pH, light, and redox
stimuli to modulate the energy well and kinetic barrier. Reprinted with
permission from ref. 53. Copyright 2021 Wiley-VCH.

detailed designs of rotor molecules.”® Well-regulated multiple
kinetic barriers in isomerization and synchronous motion
allowed the motor to slide and rotate during the entire motor
rotary cycle. Wang, Kermagoret, Bardelang, and co-workers
reported a system that can coordinate guest trapping into cyclic
molecular space in water.>® They report a system in which guest
trapping can be tuned (Fig. 5). In the synthetic macrocyclic
compound cucurbit[7]uril, they showed that guest molecules
can be exchanged via kinetic trapping and by pH, light, and
redox stimuli to modulate the energy well and kinetic barrier.
This macrocyclic host molecule may be an excellent cyclic
molecule for building sophisticated molecular machines that
work in water, since the rate constants and binding constants
for the associated guest can be tuned.

Stoddart and co-workers reported a molecular pump using a
rotaxane structure.” It uses redox energy and precise regula-
tion of noncovalent interactions to pump a positively charged
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Fig. 4 Synthetic helical polymers with unique dynamic and static helicity memory functions. The left system requires a longer time at higher
temperatures than the right system with helix induction and subsequent static helix memory occurring more rapidly. The right system has a higher
helix-induction barrier for further modification while maintaining static helical memory. Reprinted with permission from ref. 49. Copyright 2021 Oxford

University Press.
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ring out of solution and wrap it around an oligomethylene
chain to partially act as an entanglement with kinetic traps.
The redox-active viologen unit at the center of the dumbbell
molecular pump contributes to the ratcheting mechanism by
performing the dual roles of attracting and then repelling the
ring during the redox cycle. This artificial molecular pump
performs the work repeatedly in a two-cycle operation and can
drive the ring from equilibrium to a locally higher concen-
tration. As a molecular pump, Leigh and co-workers reported a
system using a catalytic reaction.> In this system, crown ether
macrocyclic compounds can be continuously pumped up the
molecular axis from bulk solution in the presence of a fuel. The
system uses an autonomous ratcheting mechanism by a
chemical reaction, and works for directional preference in the
motion of molecular rings on the axle molecule. This ratcheting
action has been demonstrated to pump up to three macrocyclic
compounds from bulk solution onto the axle under conditions
with continuous barrier formation and removal. The use of
catalysis to drive artificial molecular pumps may open the door
to highly functional molecular machine systems by architecting
functional systems of catalysis and molecular machines. The
group also reported a catalyst-driven motor consisting of 1-
phenylpyrrole 2,2’-dicarboxylic acid as a type of molecular
machine that consumes chemical fuels.>® It has been shown
that the energy of the chemical fuel is continuously transferred
to cause repeated 360° rotations around the covalent N-C bond
connecting the two aromatic rings.

As mentioned above, the development of molecular
machines working in solution systems, the origin of molecular
machines, continues without fading. This is because there
remains ample potential for nanoarchitectonics at the molecu-
lar level, where functional molecular units are continuously
wisely designed and assembled.

3. Molecular machines working at
solid interfaces

A solid-state interface is an environment where nano-level
analysis, from molecular growth observation to single-molecule
functional measurement, is highly advanced.*” A solid interface is
the place where molecular nanoarchitectonics such as local probe
chemistry®® and on-surface synthesis® are being developed as
fusion research of nanotechnology and organic synthesis. The
ability to analyze molecular motion and function at a high level
makes it a powerful site for observation and analysis of molecular
machines as molecular-level nanoarchitectonics.

3.1. Various basic examples

Takami, Jiang, Weiss, and co-workers have successfully used
scanning tunneling microscopy (STM) to manipulate the
double-decker molecules at the liquid-solid interface of
1-phenyloctane solvent and graphite.®® A heteroleptic single
double-decker molecule with lutetium in octaethylporphyrin—-
naphthalocyanine sandwich was decomposed by a voltage
pulse from a probe, removing the upper octaethylporphyrin
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ligand and leaving the lower naphthalocyanine ligand at the
surface. A decomposed molecular domain was formed within
the double-decker molecular domain. A molecular ‘“sliding
block puzzle” was formed on a graphite surface by a cascade
manipulation of double-decker molecules. Hipps and cowor-
kers used STM to study the details of the self-assembly of a
double-decker complex composed of yttrium and a phthalocya-
nine ring at the solution-solid interface.®" Their results show
that molecule-substrate interactions, bias voltages, tunneling
currents, and STM probes play important roles in the control
and stabilization of molecular assembly. Selective rotation of
molecular rotors was reported by Doltsinis, Glorius, Fuchs, and
co-workers.®® The N-heterocyclic carbene rotor developed has a
mesityl N-substituent on one side and a chiral naphthylethyl
substituent on the other, and rotation in one direction is
driven by inelastic tunneling of electrons to the STM chip
(Fig. 6). Electrons preferentially tunnel through the mesityl
N-substituent, while the chiral naphthyl substituent controls
the directionality. Such N-heterocyclic carbene-based surface
rotators offer new possibilities for the design and construction
of functional molecular systems with excellent stability.
Single-molecule fluorescence microscopy is a promising
technique for monitoring the action of single-molecule
machines at room temperature. One strategy would be to attach
multiple dyes to the same single-molecule machine. Tour,
Wang, and co-workers examined the optical properties of
single-molecule machines loaded with two different BODIPY
dyes (Fig. 7).°® They found that at the air-glass interface, the
single molecule with two dyes attached had a higher tendency
to exhibit single-object-like photobleaching and appeared as if
it were a single dye. Furthermore, the fluorescence intensity of
the two-dye system did not scale with the number of attached
dyes. This non-scaling nature of the fluorescence intensity was
interpreted with a self-quenching model based on the intra-
molecular fluorescence resonance energy transfer (FRET) pro-
cess or the singlet-triplet annihilation process. This study
clarified the fluorescence properties of a single molecule of
two dyes bound together, providing hints for design guidelines
for fluorescence-labeled nanomachine molecules. The group
also investigated the use of a triplet quencher, a cyclooctate-
traene group, to improve the photostability of molecular
machines attached to solid surfaces.®® The presence of cyclooc-
tatetraene groups depletes the triplet state and prolongs the
photobleaching time of the first dye. The cyclooctatetraene
group on the second dye protects the breakdown product from
the photodegradation of the first dye and can further improve
the photostability of the second dye. This successful molecular
architecture of functional groups can significantly extend the
photodegradation lifetime of the molecular machine.
Nanoarchitecture control at the interface using molecular
machine structures is another promising approach to enhance
functionalization. Attempts have been made to build multi-
layered molecular machine structures using appropriate thin
film techniques, such as the layer-by-layer (LbL) method.®®
Unger, Schalley, and co-workers have succeeded in building
chemically switchable single and multilayers of rotaxanes in a
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Fig. 6 Selective rotation of N-heterocyclic carbene-based surface molecular rotators driven by inelastic tunneling of electrons to the STM chip.
Reprinted with permission from ref. 62. Copyright 2020 American Chemical Society.

Fig. 7 A single-molecule machine loaded with two different BODIPY dyes with a higher tendency to exhibit single-object-like photobleaching at the
air—glass interface. Reprinted with permission from ref. 63. Copyright 2016 American Chemical Society.

regular pattern on gold surfaces (Fig. 8).°° The ordered arrays of
stimuli-responsive rotaxanes have well-controlled axial shut-
tling and are expected to be useful for coupled mechanical
motion. Monolayers and multilayers of rotaxane were shown to
switch reversibly between the two ordered states by linear
dichroism effects in the angle-resolved near-edge X-ray absorp-
tion fine structure (NEXAFS) spectra. Such concerted switching
processes were observed only when the surfaces were well-
packed, and such effects were not seen on low-density surfaces
with no lateral ordering. The system showed the importance of
not only single molecular machines but also their successful
nanoarchitectonics at the two-dimensional (2D) interface to
achieve collective functionality.

3.2. Endohedral machines

Single-molecule devices based on the electronic actuation of
atomic/cluster motions confined in a fullerene-like cage have
also been investigated. Carravetta and co-workers observed

13538 | Phys. Chem. Chem. Phys., 2024, 26, 13532-13560

quantized translational and rotational motions of molecular
hydrogen in a cage of Cg(.®” Theoretical models showed that the
H, inside Cq, was a three-dimensional (3D) quantum rotor
moving in a nearly spherical potential. Based on the discovery
of the superatomic state of the Cg, molecule, Petek and
co-workers studied the factors affecting the hybridization of
energy and wave functions into nearly free electronic bands in
molecular solids.®® In particular, they examined how the energy
of superatomic states depends on factors such as the degree of
cohesion into 1D/3D solids, cage size, and exohedral and
endohedral doping by metal atoms. Sufficient effects of the
ionization potential of an inner-shell atom can induce the
formation of a superatomic state with a conduction band in
the middle of the gap between the LUMO and the HOMO of the
Ceo molecule. With plane-wave density functional theory stu-
dies, a new paradigm of intermolecular interactions beyond the
conventional electronic interactions between spn hybridized
orbitals in organic molecular solids is revealed, which may lead
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Fig. 8 Layer-by-layer (LbL) nanoarchitectonics of chemically switchable single and multilayers of rotaxanes in a regular pattern on gold surfaces with
well-controlled axial shuttling. Reproduced under terms of the CC-BY license from ref. 66, 2015 American Chemical Society.

to the design of quantum structures and materials having
extraordinary electronic and optical properties.

Petek and co-workers used STM imaging and electronic
structure theory to realize a single-molecule switch based on
tunnel electron-driven rotation of triangular Sc;N clusters in an
icosahedral Cg, fullerene cage (Fig. 9).°° They demonstrated
tunnel electron-induced multi-state hierarchical switching
based on enantiomerization of a single endohedral fullerene
molecule, suggesting that the antisymmetric stretching vibra-
tion of the Sc;N cluster is the gateway for energy transfer from
tunnel electrons to cluster rotation. By selecting the conductive
substrate and molecular buffer layer, the interface potential
and the associated charge transfer can be tuned to control

Axis Switching

In-Plane Rotation

Fig. 9 A single-molecule switch based on tunnel electron-driven rotation
of triangular ScsN clusters in an icosahedral Cgq fullerene cage. Reprinted
with permission from ref. 69a. Copyright 2011 American Chemical Society.
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molecular switching. Furthermore, the potential applied from
the STM probe or molecular leads could be used to control the
charge, spin, and phonon degrees of freedom of the molecular
switches. Hierarchical switching of conductivity between multi-
ple steady states is advantageous in integrating single molecu-
lar switches with inner fullerenes into molecular devices
with multiple logical states. Based on the atom-like building
blocks and multi-level switching ability, endohedral fullerene-
based devices become suitable for molecular-scale integration
into parallel computing structures. Seideman and co-workers
have also demonstrated atoms/clusters in fullerene cages.”®
A novel methodology for single-molecule devices was proposed
on the basis of electronic actuation of atom/cluster motion
within the fullerene cage. Inelastic electron tunneling via
resonance of lithium atoms in a gold-lithium@Cg,-gold junc-
tion is slightly perturbed by the motion of embedded atoms as
the lithium atoms vibrate with large amplitude against the
fullerene wall and the fullerene cage bounces between the gold
electrodes.

As a non-fullerene endohedral cage molecular device, Clever
and co-workers utilized a Pd-based coordination capsule as a
nanospace: substituents attached via C—C double bonds
behave as molecular rotors in the cage.”’ The pronounced
donor-acceptor nature of the substituents lowers the rotational
barrier and allows electronic control of the rotational velocity
within the cage. This is a new type of endohedral push-pull
rotor built in self-assembly. When the guest is encapsulated,
it is found to slow down the rotation. Such dynamic push-
pull systems could be used to form stimulus-responsive
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supramolecular systems, catalytic cavities, functional materi-
als, and so on.

3.3. Single and supramolecular molecular rotors

As seen in some of the aforementioned examples, the behavior
of rotation is single molecules and supermolecules is funda-
mental and can be easily subjected to evaluation in molecular
machines. There have been various studies on the precise
analysis of molecular rotors and molecular motors on solid
interfaces. In this section, examples of studies on the rotational
motion of basic molecular units such as single molecules and
supramolecular complexes on solid substrates are discussed.
Deshlahra, Sykes, and co-workers reported single-molecule
observations of N-methylbutylamine molecular rotors sup-
ported on Cu(111) surfaces, using tunneling electrons from
the STM tip to excite the vibrational modes of the molecules
that drive their rotational motion.”” Fig. 10 shows a schematic
of the molecular adsorption site of N-methylbutylamine, show-
ing ways of the molecular rotation around the N-Cu bond that
serves as the axis of the molecular rotor. The figure also
exemplifies a typical large STM image where both isolated
single molecules and small clusters are present. It was found
that the enantiomers of N-methylbutylamine interconvert at
high speed in the gas phase, but on the Cu(111) surface, each
enantiomer can retain its chirality because a single pair of
nitrogen atoms is bound to Cu. By tuning the electron flux, the
individual rotational motions between six stable molecular
orientations on the Cu(111) surface could be monitored in
real-time. In most of the STM tips used to electrically excite
the rotators, one enantiomer rotated faster than the other. This
supports the fact that the STM tip itself may be chiral, and that
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the diastereomers resulting from the interaction between the
chiral STM tip and the chiral molecules may cause significant
physical differences in the rotational speed of the R and S
molecular rotors.

It has been established that the permeability of electrons
passing through a chiral molecule depends on the spin of the
electrons. This phenomenon is called chiral-induced spin
selectivity. Cohen, Feringa, Naaman, and co-workers have
measured multi-state switching of spin selectivity in electron
transfer through molecular motors based on four different
helical arrangements using magnetoconductive atomic force
microscopy.”® The results revealed that the helix state deter-
mines the molecular structure on the surface. The modulation
of spin selectivity by controlling the helical state opens up the
possibility of tuning spin selectivity on demand with high
spatio-temporal precision. Regardless of whether the driving
force for the rotation of the molecular rotor is activated by heat,
an electric field, or light, the rotation is determined by the
intrinsic rotational potential landscape. Thus, the essence of
controlling the motion of molecular rotors is to tune the
potential landscape. Du, Gao, and co-workers have used tetra-
tert-butyl-nickel phthalocyanine on an Au(111) substrate as a
molecular rotor.”* They demonstrated that both the sample
bias and the STM tip-molecule distance can modulate the
rotational potential of the molecular rotor. The mechanism
for changing the rotational potential was found to be a combi-
nation of van der Waals interactions and the interaction
between molecular dipoles and an electric field.

Surface-supported molecular motors are considered as
nanomechanical devices in various nanoscale applications.
However, molecular motors are usually prepared with covalent

ARA
2R R

RPN

Fig. 10 Single-molecule observations of N-methylbutylamine molecular rotors supported on Cu(111) surfaces, using tunneling electrons from the STM
tip to excite the vibrational modes of the molecules that drive their rotational motion. Reprinted with permission from ref. 72a. Copyright 2021 American

Chemical Society.
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Fig. 11 A supramolecularly recombinable molecular rotor of Pt—por-
phyrin supramolecular dimer supported on an Au(111) surface with rotation
behaviors in a highly directional manner, where the direction of rotation of
this molecular rotor is determined solely by the surface chirality of the
dimer. Reprinted with permission from ref. 75. Copyright 2015 American
Chemical Society.

bonds and cannot be reconstituted without chemical reactions.
Hill, Joachim, Uchihashi, and co-workers reported a supramo-
lecularly recombinable molecular rotor (Fig. 11).”> This supra-
molecular rotor is a platinum-porphyrin supramolecular dimer
assembly that can create a chiral image in the form of an
association on a surface. Using the tunneling current of STM, it
was demonstrated that a Pt-porphyrin supramolecular dimer
assembly supported on an Au(111) surface can be rotated in a
highly directional manner. The direction of rotation of this
molecular rotor is decided only by the surface chirality of the
dimer. More interestingly, the chirality can be inverted in situ
by a process involving rearrangements within the dimer. This is
possible because the rotor structure is made by supramolecular

double-decker
porphyrin

glass substrate,

surface modified by amino groups

d, surface modified by alkyne groups
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nanoarchitectonics. This result paves the way for building
complex molecular machines on surfaces to mimic versatile
biological supramolecular rotors on smaller scales.
Single-molecule imaging and manipulation using optical
microscopy are commonly used to study biomolecular
machines, and an effort toward synthetic molecular machines
has been reported by Noji and co-workers.”® In this study, a
single-molecule optical microscopy technique was used for the
observation of a synthetic molecular rotor, a double-decker
porphyrin. Magnetic beads (approximately 200 nm) were
attached to the double-decker porphyrin, and their rotational
dynamics were captured with a temporal resolution of 0.5 ms.
As shown in Fig. 12, the double-decker porphyrin was fixed to
the amino-modified glass substrate surface and alkyne-
modified magnetic beads. The rotational dynamics of the beads
was visualized by optical microscopy under halogen lamp
illumination. Double-decker porphyrins exhibit rotational dif-
fusion of 90° steps, which is consistent with a four-fold sym-
metric structure. When the porphyrin was forced to rotate with
magnetic tweezers, four stable stopping angles, also separated
by 90°, were observed. These results indicate that single-
molecule optical microscopy is useful for elucidating the
elementary properties of synthetic molecular machines.

3.4. Rotors to gears

Molecular machines and functional molecules do not work
alone, but when they are assembled and function together,
the functions they exhibit become dramatically more sophisti-
cated. In biological systems, various advanced functions are
expressed by skilfully coordinating biomolecular machines and
biofunctional molecules.”” Even in the basic science of mole-
cular observation on a solid substrate, the linkage of molecular
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Fig. 12 Single-molecule imaging and manipulation using optical microscopy for evaluation of a synthetic molecular rotor, a double-decker porphyrin
with magnetic bead. Reprinted with permission from ref. 76. Copyright 2014 Wiley-VCH.
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machines can be analyzed. For example, it has been reported
that molecular rotors move like gears in coordination.

Soe et al. used low-temperature STM to observe two mole-
cular rotors functioning as molecular gears in coordinated
motion.”® Two molecular gears (Fig. 13(A)), each with a dia-
meter of 1.2 nm and a tooth count of 6, were fixed on copper
adatoms separated by only 1.9 nm on a lead surface. The
stepwise rotation of the first gear in the train around the axis
of the Cu adatom causes the second gear to rotate, as in a
macroscopic gear train. The first gear, and then this second
gear, until the axis of the two Cu adatoms is positioned exactly
on the lead surface, making the molecular tooth-to-tooth
dynamics completely reversible function. Once assembled,
the first molecular gear of the train can be rotated stepwise
by the STM operating the handle. In the example of the three
gears working together in Fig. 13(B), the stepwise rotation of
the first molecular gear of the train is transmitted first to the
second molecular gear to move the others. To achieve this
complex molecular mechanism, it is most important to place
and center the two molecular gears on their respective Cu
adatoms. This centering allows the two molecular gears to
avoid lateral movement because they are self-stabilized by the
intertwined teeth and handles. As a result, rotational motion is
transmitted in steps of approximately 30°. Transmission of
rotational motion from the first molecular gear to the next
requires precise optimization of the atomic axis of each gear
and the positioning of each molecular gear to conform to the
deflection of the molecular teeth between the molecular gears
with reliable reversibility and reproducibility. Such rotational
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transmission could be applied in the future to build molecular-
scale Pascal mechanical calculators, to measure the power of
single molecular rotors using different molecular gear train
lengths, and to input data into atomic-scale quantum circuits
by mechanically switching single molecule switches for each
input digit.

The development of molecular gear systems in which multi-
ple rotors work in tandem is an important element in the
construction of nanoscale machines. However, molecular gears
have a high degree of freedom of motion, and it is important to
evaluate whether the individual rotors in a molecular gear train
are moving with proper repatriation. To evaluate the correlated
motion of neat molecular gears, Rapenne and co-workers
designed a molecular rotor with a hydrotris(indazolyl)borate
anchor to prevent surface diffusion and a central ruthenium
atom as a fixed axis of rotation.”® Then, a series of star-shaped
organometallic molecular gears consisting of azimuthal penta-
porphyrin cyclopentadienyl gears specifically labeled to moni-
tor their motion by time-resolved STM were designed and
assembled. Asymmetrization of the gears was first performed
sterically. It was done by introducing one tooth longer than the
other four teeth. The electronic properties of one paddle were
tuned by changing the properties of the porphyrin scaffold and
the central metal. To achieve this structural diversity, the
modular synthetic method is used by successive cross-
coupling reactions to the penta(p-halogenophenyl)cyclopenta-
dienyl ruthenium(u) main constituent with a pre-activated
p-iodophenyl group. This figure schematically illustrates the
key parameters to be considered in the design of molecular gear

Molecular Gear
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Fig. 13 Multiple molecular rotors functioning as molecular gears in coordinated motion: (A) two-gear system; (B) three-gear system. Reprinted with

permission from ref. 78. Copyright 2019 American Chemical Society.
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trains that achieve correlated intermolecular rotation in response
to external stimuli. A virtual star-shaped gear train (blue) incor-
porating labeled teeth green is mounted on a rotating axis (red)
with fixed intermolecular distances and viewed from above before
and after an external stimulus that induces correlated motion.
Molecular-level nanoarchitectonics techniques based on organic
synthesis are important to bring out the advanced functionality of
such molecular machines.

For regulation of molecular rotor motions upon dipole
moment interference in an array of molecular rotors, dipolar
molecular rotor compounds were designed, synthesized, and
adsorbed as a self-assembled 2D array on an Ag(111) surface by
Herges and co-workers.®” In this molecular rotor, a 4,8,12-
trioxatriangulene platform known to be physisorbed on metal
surfaces, a phenyl group that bonds to the central carbon atom
and acts as a pivot joint to reduce barriers to rotation, and a
small dipole unit at the top, a pyridine and pyridazine units are
arranged. Theoretical calculations and STM observation studies
suggest that the dipoles of adjacent rotators interact spatially
through a pair of energetically favorable head-tail nano-
architectures.

3.5. Molecular cars (nanocars)

One of the molecular machines developed with the most
intelligent of molecular nanoarchitectonics would be the mole-
cular car (nanocar). By skilfully combining molecular shapes
and properties, we can assemble molecules that look like cars
or function like cars.®" This is a technology to move them like a
car while observing them at high resolution on a solid interface.
In fact, the Nanocar Race, a world-class event in which nano-
cars compete for speed on a solid interface, has been held twice
so far (2017 and 2022).%* Normal car races have been held since
the early 1900s. Since nanocars are two billionths of the size of
a normal car, humans have reduced the size of race cars by 9
orders of magnitude in just over 100 years. Here some recent
examples of research on nanocars and related molecular
machines are discussed.

Kudernac, Ruangsupapichat, and co-workers synthesized a
nanocar molecule with four rotating motors as wheels.®* This
nanocar molecule undergoes continuous and distinct confor-
mational changes upon successive electronic and vibrational
excitations. STM observations confirmed that the nanocar
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molecules travel in one direction on the Cu(111) surface by
activating the conformational changes in the rotors by inelastic
electron tunneling. The system can follow a linear or random
surface trajectory or be stationary by tuning the chirality of the
individual motor units. This nanocar architecture will contri-
bute significantly to the study of more sophisticated molecular
machine systems with directional motion. A nanocar with a
fullerene wheel design is also being developed by Kelly, Tour,
and coworkers.®® Nanocars and nanotrucks, novel single-
molecule nanomachines with fullerenes as wheels, have been
designed and synthesized (Fig. 14). These nanovehicles consist
of three basic components, a molecular chassis, freely rotating
alkynyl axles, and spherical fullerene wheels. The Cgo-based
spherical wheels and alkyne-based freely rotating axles allow
molecular structures to roll freely on gold surfaces at the
nanoscale. The rolling motion observed by STM was confirmed
to be the same as that of macroscopic entities rolling perpendi-
cular to the axis. It was also proved that the wheel-like rolling
motion by fullerenes is not bar-slip or sliding translation. This
study emphasizes that precise molecular design and synthesis
can control the directionality of the motion of molecular-sized
nanoarchitectures.

Following these pioneering studies of nanocars, considera-
tion has recently been given to the mechanisms of diffusive
motions of surface rolling molecules. Pishkenari and co-
workers used classical all-atom molecular dynamics to investi-
gate the effect of different-size vacancies on the motion of
nanocars, nanotracks, and Cg, on gold surfaces at different
temperatures.®® At 200 K, holes or vacancies appear as obstacles
in the path of Cg, and at higher temperatures, Cg, can enter
these holes. However, larger pores become permanent traps for
Ceo. On the other hand, molecules designed as nanotracks have
relatively rigid bodies, which limits the movement of the
wheels. Vacancies in the grain boundaries are likely to repel
or trap nanocars, preventing their free movement. Therefore, a
single-crystal substrate is essential for unimpeded movement
of nanocars and surface-rolling molecules such as Cg. Abbasi-
Pérez, Kantorovich, and co-workers used molecular walkers
(1,3-bis(imidazol-1-ylmethyl)-5(1-phenylethyl)benzene) along a
Cu column on a Cu(110) surface with analysis by velocity-based
Monte Carlo dynamics simulations calculated using ab initio
density functional theory.*® The molecular walker moves to the

Fig. 14 A nanocar with spherical fullerene wheels, freely rotating alkynyl axles, and a molecular chassis. Reprinted with permission from ref. 84.

Copyright 2006 American Chemical Society.
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nearest equivalent lattice site by a so-called inchworm mecha-
nism in which it first walks on its hind legs and then on its
front legs. The molecule diffuses by a two-step mechanism and
has its inherent asymmetry.

Most studies of nanocar motion have been conducted in
ultrahigh vacuum and cryogenic quiescent environments to
precisely observe molecular images. On the other hand, some
observations have been made under ambient conditions. Tour,
Wang, and coworkers observed the thermal diffusion of four
adamantane-wheeled nanocars on an air-glass interface at
room temperature using line-scan imaging with improved
temporal resolution (Fig. 15).*” This high-speed imaging tech-
nique revealed that the four-wheeled nanocar diffuses quasi-
randomly in two dimensions on the glass surface. They tend to
follow linear diffusion trajectories on short time scales, which
is consistent with the diffusion of a wheel’s rotational mode.
The nanocar molecules lose directionality with time, suggesting
that other diffusion modes, such as pivoting motion, may also
contribute to thermal diffusion at room temperature.

Further developments of nanocar structures have also been
reported. Grill, Tour, and coworkers designed, synthesized, and
observed the motion of a second-generation motorized nanocar
(Fig. 16).%® In designing the nanocar, a light-driven unidirectional
molecular motor was used instead of the oligo(phenylene-
ethynylene) chassis. Because Cgq quenched the photoisomeriza-
tion process of the molecular motor, a p-carborane wheel was

Linear Motion
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chosen. The paddle-shaped rotor is intended to interact with the
surface to generate a force that propels the nanocar during
irradiation. The nanocar was deposited on a Cu(111) surface
and single molecule imaging was performed at 5.7 K by STM
observation. This motorized nanocar paves the way for the devel-
opment of nanocars with various drive schemes. Xu, Li, Zeng, and
co-workers have successfully fabricated the most simplified two-
wheeled nanocar that is constructed by coordination inter-
actions.®* The nanocar bridges two enantiomeric motors as
wheels around a central pseudosquare plane Ag(i), which ensures
that the cars move in the same direction when observed from the
outside. The individual motors are assembled via metal coordina-
tion into a hierarchical motorized nanocar system, which may
also perform robotic functions such as metal transport and
release.

4. Molecular machines working at
liquid interfaces

While high resolution, such as molecular imaging by STM, is
possible at solid interfaces, this is generally difficult to achieve
at liquid interfaces. Due to such limitations, molecular
machine studies at interfaces have been dominated by those
at solid interfaces. However, it is easier to provide more
dynamic perturbations at the liquid interface, which can also

Random
Motion

Nanocar

Fig. 15 Thermal diffusion of four adamantane-wheeled nanocars on an air—glass interface at room temperature, where the nanocars tend to follow
linear diffusion trajectories on short time scales, and lose directionality with time. Reprinted with permission from ref. 87. Copyright 2018 American

Chemical Society.
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Fig. 16 A second-generation motorized nanocar using a light-driven unidirectional molecular motor. Reprinted with permission from ref. 88. Copyright

2012 American Chemical Society.

be a site of accumulation of molecular machines.”® These
qualities make the liquid interface an increasingly attractive
medium for molecular machine research.

The various advantages of liquid interfaces are well recog-
nized in supramolecular chemistry and materials science
research. Liquid interfaces, such as gas-liquid and liquid-
liquid interfaces, provide a meeting place for different media
and their secondary sites for the synthesis of molecular thin
films,”* organic semiconductor molecular films,”> 2D nano-
carbons,”® metal-organic frameworks (MOFs),”* covalent organic
frameworks (COFs),” and so on. For example, as summarized in a
recent review by Wan and co-authors,® insoluble COF structures,
such as those made as powders by solvothermal synthesis, can be
built as 2D films at a liquid interface, enabling applications in
many fields such as photoelectric conversion, fluorescence, elec-
tronic devices, chemical sensing, electrocatalysis, and molecular
separation. Alonso and Mikhailov theorize about active protein
machines floating at liquid surfaces.”” Periodic mechanical
motion within the machine, a microscopic swimmer, leads to a
molecular propulsive force applied at the air-liquid interface.
When the energy supplied to the machine exceeds a certain
threshold, the flat interface line becomes unstable. Then, a region
of interfacial turbulence through irregular traveling waves and
propagating machine clusters results. An example of the use of
the LB method at the air-water interface for integrated thin films
of molecular shuttles has also been reported by Credi and
co-workers.”® As described above, the liquid interface provides a
unique venue for research ranging from materials science to the
behavior of molecular machines.

It is necessary to consider molecular machine manipulation
methods that make better use of the characteristics of liquid
interfaces. The characteristics of liquid interfaces, such as the
air-water interface, are that the size of the structure varies
greatly depending on the directions (a vertical direction to the
interface and a lateral direction along the interface) and that it
can be changed dynamically. When considering a monolayer
deployed at the air-water interface, the mechanical deforma-
tion of the monolayer, such as compression and expansion in

This journal is © the Owner Societies 2024

the lateral direction (in-plane direction), is usually macro-sized,
as large as several tens of centimeters. Since the molecules in
the monolayer are confined in the nanometer-sized film thick-
ness direction, structural changes such as conformational
changes can be as large as nanometers or sub-nanometers.
At the liquid interface, visible mechanical mutations can be
coupled with molecular-level motion.’® If molecular machines
are integrated at the liquid interface as monolayers, macro-
scopic manipulations, such as hand motions, can be used to
control the conformations and consequent functions of the
molecular machines.’® This is named hand-operating nano-
technology.'*

One example is shown in Fig. 17."°> The molecular machine
used in this example is the steroid cyclophane. Steroid cyclo-
phane has a cyclic core composed of 1,6,20,25-tetraaza[6.1.6.1]-
paracyclophane with four steroidal moieties (cholic acid) con-
nected via a flexible r-lysine spacer. Steroid cyclophanes in the
monolayer change their conformation when deployed on the
air-water interface to form a monolayer and subjected to
macroscopic mechanical displacement from the lateral direction.
At low pressure, it takes on an open conformation with the
hydrophilic surface of the cholic acid attached to the water
surface. Under high surface pressure, the spacer folds back to
form a more compact cavity conformation in which the cholic
acid moiety is collected. When the conformation of the steroid
cyclophane changes from open to cavity, the steroid cyclophane
can catch fluorescent guest molecules (6-(p-toluidino)naphtha-
lene-2-sulfonate, TNS) that are dissolved in the aqueous phase.
Surface reflectance fluorescence measurement of the entrapped
guest molecules revealed that the guest molecules are repeatedly
captured and released in synchronization with the repeated com-
pression and expansion of the monolayer, which is several tens of
centimeters in size. This indicates that the molecular machine can
be driven by macroscopic mechanical motions that are equivalent
to those of our hand motions. This is made possible by the highly
anisotropic and dynamic nature of the liquid interface.

The force exerted on the molecules in the monolayer by com-
pression and expansion at the air-water interface is very small.
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Fig. 17 The molecular machine, steroid cyclophane, that changes from an open conformation to a cavity conformation and can catch fluorescent guest
molecules upon lateral compression of its monolayer at the air—water interface.

This makes it possible to delicately control molecular confor-
mation for regulation of molecular recognition at the interface,
because molecular recognition efficiency can be sensitively
altered by host molecule conformations. This control allows
enantioselective binding of amino acids'®® and discrimination
of nucleobases'®* that differ by only one methyl group, with the
simple and versatile stimulus of mechanical force. Sakakibara
et al. have used this technique in indicator displacement assay
(IDA).'®* This method takes advantage of the phenomenon of
competitive binding of the indicator and guest to complemen-
tary sites on the host. The IDA method has become widely used
in the development of multicomponent optical sensors and
enantioselective assays because of its ability to accurately
measure the total concentration of the guest (or analyte).'*
Fig. 18 presents a method called mechanically controlled indicator
displacement assay (MC-IDA) at the air-water interface. This
method uses a deformable monolayer of fluorescently labeled
receptor molecules. The conformation of the molecule can be
changed by externally inducing lateral compression and expansion
of the monolayer to control molecular recognition. Mechanical
compression of the monolayer of the receptor molecule causes
fluorescence resonance energy transfer (FRET) between the recep-
tor and the indicator, which switches fluorescence emission on.
The addition of a guest displaces the indicator, effectively quench-
ing the FRET process (switch-off). These behaviors are dependent
on the conformation of the receptor. It was demonstrated that
controlling it mechanistically at the air-water interface allows for
very sensitive molecular detection.

Liquid interfaces, such as the air-water interface, are a
suitable place to accumulate molecular machine actions and

13546 | Phys. Chem. Chem. Phys., 2024, 26, 13532-13560

output them as large effects. Gengler, Feringa, and co-workers
have observed the photoswitching effect in monolayers of
bis(thiaxanthylidene)-based photoswitching amphiphilic mole-
cular machines, and similarly in a mixed monolayer with a
phospholipid of dipalmitoylphosphatidylcholine (DPPC) at the
air-water interface (Fig. 19)."°” Efficient photoisomerization of
the central core of the amphiphilic molecular machine from
the antifolded to the congruent form was found to change the
surface pressure in either direction depending on the initial
molecular packing. Monolayers of photoswitchable amphiphi-
lic molecular machines provide a powerful venue for the
investigation of the fundamental science of cooperativity and
amplification of motion of molecular machines at liquid inter-
faces. Cooperative switching systems that can convert light
energy into mechanical motion will be of great interest for
various applications including molecular sensing, nanoscale
energy converters, optical devices, and data storage.

Thus, at the air-water interface, macroscopic mechanical
properties and conformational nanoscale phenomena of mole-
cular machines can be linked. Contrary to the above example,
at the air-water interface, macroscopic mechanical stimuli
can subtly control the conformation of molecules, from —90°
to —80° (Fig. 20)."°® This 2D interface is an ideal site for
mechanochemistry with molecular conformational tuning since it
allows for increased molecular orientation and large changes in
occupied surface areas per molecule. The proposed system provides
a good opportunity to correlate input energy and the molecular
output quantitatively. In this case, the corresponding driving force
is supplied by 2D mechanical compression. The input energy in
this process can be thermodynamically calculated from isotherms
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or a mixed monolayer with dipalmitoylphosphatidylcholine (DPPC) at the air—water interface. Reprinted with permission from ref. 107. Copyright

2017 Wiley-VCH.

between surface pressures and molecular areas (a 2D version of molecular area changes up to a surface pressure of 10 mN m
the pressure-volume isotherm). Integration of the isotherm with
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Fig. 20 Subtle control of the conformation of binaphthyl molecules, from —90° to —80°, upon macroscopic mechanical stimuli at the air—water
interface where application of small mechanical energies (<1 kcal mol™?) results in fine tuning of the conformation of binaphthyl accordingly. Reprinted

with permission from ref. 108. Copyright 2015 Wiley-VCH.

energy resulting from molecular conformational changes can be
calculated by density functional theory. Surprisingly, input energy
thermodynamically provided by the mechanical process and output
energy that is finally provided to molecules are very close to each
other. Applying small mechanical energies (<1 kcal mol %) to the
monolayer, the area of the monolayer changes significantly
(>50%) and the conformation of binaphthyl can be fine-tuned
accordingly. As described above, molecular simulations show that
the mechanical energy is converted in proportion to the torsional
energy. Unexpectedly high conversion efficiency is experimentally
and theoretically proved. Molecular dynamics simulations of mono-
layers also confirm a gradual shift in the global average torsion
angle of the monolayer. At 2D liquid interfaces, macroscopic factors
such as mechanical stimuli and thermodynamic parameters can be
translated into precise conformational adjustments of molecules.
The liquid interface is a favorable environment for tuning the
structure and function of molecular machines.

The above example reported that a continuous (analogous)
conformational change of an amphiphilic molecule, bina-
phthyl, can be mechanically induced at the air-water interface.
Unlike that, Mori et al. have successfully induced a digital
conformational change at the air-water interface by dissolving
simple binaphthyl molecules in a matrix lipid monolayer and
depositing binaphthyl pseudocrystals by mechanical compres-
sion and expansion of the monolayer (Fig. 21)."° In this
example, the amphiphilic racemic dipalmitoylphosphatidyl-
choline (rac-DPPC) was used as a representative matrix lipid
to form a stable mixed film at the water-air interface.
By mechanically compressing and expanding the monolayer,
the binaphthyl derivatives underwent a repeated phase transition

13548 | Phys. Chem. Chem. Phys., 2024, 26, 13532-13560

between a homogeneous liquid state and a metastable nanocrys-
talline form. Accordingly, a reversible cisoid-transoid structural
transition with left-handed and right-handed helicity inversion
was achieved. The lipid matrix at the air-water interface promotes
the formation of metastable nanocrystals with an open trans
configuration of binaphthyl molecules. The crystallization and
dissolution of metastable binaphthyl crystals and the associated
structural changes are reversible and can be observed repeatedly.
Since this phenomenon is based on a phase transition, the
structural change of the binaphthyl moiety is not continuous,
but discontinuous at the transition point. This can be described
as a digital control of the structure of the molecular machine at
liquid interfaces.

Since the air-water interface is an ideal place to manipulate
molecules, various optical information can also be modulated
by using molecules whose mechanical deformation is coupled
with optical properties. As one example, Nakanishi et al. stu-
died the behavior of FLAP (flexible aromatic photofunctional
systems) molecules at the air-water interface (Fig. 22).""° FLAP
is a series of hybrid m-conjugated molecules that combine
rigidity and flexibility. The FLAP molecules exhibit different
dynamic behaviors depending on the surrounding environ-
ment, and thus emit a wide variety of colors in thin films,
solutions, and crystals.""" Compared to chromogenic molecular
rotors, the fluorescence has a non-negligible polarity dependence,
but it shows a more sensitive fluorogenic response in the low
viscosity range.''” New syntheses of nitrogen-containing FLAP
molecules and the viscosity dependence of their photophysical
properties have also been investigated.'"> Polarity-indepen-
dent flapping viscous probes with hydrophobic/hydrophilic
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Fig. 22 Behavior of FLAP molecules of hybrid n-conjugated molecules with rigidity and flexibility at the air—water interface, where fluorescence related
to internal motion and orientation was observed in situ. Reprinted with permission from ref. 110. Copyright 2019 Wiley-VCH.

substituents have been synthesized as FLAP molecules to be the molecule was suppressed at the interface. Compared to con-
investigated at the air-water interface. Fluorescence related ventional molecular rotor-type viscous probes, FLAP exhibits
to internal motion and orientation was observed in situ at the diverse behaviors because it modulates not only molecular
air-water interface, and it was found that the internal motion of motion but also molecular orientation. Understanding molecular
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Fig. 23 The submarine emission upon conformational and orientational changes of a double-paddle dinuclear platinum complex upon their monolayer
compression accompanied by simultaneous light emission from the air—water interface.

behavior at the interface is also of biological significance because
such an interface provides a cell membrane-like field where
various biomolecules work.

Adachi et al. synthesized a double-paddle dinuclear plati-
num complex containing a pyrazole ring linked by an alkyl
spacer and dynamically manipulated its orientation and lumi-
nescence properties at the water-air interface (Fig. 23).""* It was
found that mechanical compression causes the platinum
complex plane to change from perpendicular to parallel upon
their monolayer compression and simultaneously emit light
from the air-water interface. The control of the luminescence
intensity by molecular floating was described by the term of
submarine emission, because emission happens upon mole-
cular appearance from water to air. The air-water interface is
suitable as an asymmetric field where the conformation and
motion of molecules can be controlled by applying only a small
force. When one of the paddles is hydrogen bonded at the water
surface and the other is in the gas phase, hydrogen bonding
at the water surface can occur even though both paddles of
molecules are identical. By using the air-water interface as an
asymmetric field, a 2D chirality can be induced. Asymmetric
reactions and motions may be controlled by applying mechan-
ical forces at the air-water interface. In a similar molecular
design, Adachi et al. recently proposed the concept of coordina-
tion amphiphilicity based on ligand properties and molecular
topology.'™ In a series of molecular designs, the importance
of the molecular design of coordination compounds in the
formation of monolayers at the air-water interface was inves-
tigated. Molecular modeling and the association constants of
the compounds suggested that the appropriate hydrophilicity
of the coordination surfaces and intermolecular interactions,
including hydrogen bonding, are important factors in the
formation of monolayers.

13550 | Phys. Chem. Chem. Phys., 2024, 26, 13532-13560

The behavior of various other molecular machines at the
air-water interface has also been examined. Their behavior is
influenced by mechanical compression of the monolayer from
the lateral direction and coexisting lipid molecular films.
For example, the molecular rotor, 4-farnesyloxyphenyl-4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY-ISO) rotation,
was shown to be dynamically controlled, depending on the
type of coexisting molecules.’*® Molecules of bisbinaphthyl
durene, in which two binaphthyl groups are joined via a central
durene moiety, can form a wide variety of conformers."'”
Preference of the formed conformer type was determined
depending on the surrounding environment. This can be con-
trolled in detail by controlling the environment, such as the
state of miscibility with lipids in solution, on a solid substrate,
or at the air-water interface. On the other hand, the molecular
aggregation state of monobinaphthyl durene can be tuned by
applying different mechanical stimuli to control its conforma-
tion at the air-water interface."'® For example, the molecular
conformation and aggregation state of monobinaphthyl durene
could be continuously controlled by applying mechanical sti-
muli such as vortex motion at the air-water interface. These
results provide various insights into the regulation of the
dynamic behavior of molecular machines driven by mechanical
stimuli at the liquid interfaces.

5. Advanced interfaces

5.1. Material interfaces

Not only model-like interfaces such as clean solid interfaces
that can be observed by STM and liquid interfaces such as
undisturbed air-water interfaces, but also more advanced inter-
faces such as interfaces inside materials and biomembrane
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surfaces are being considered for the application of molecular
machines. These studies will lead to the important step of the
practical application of molecular machines. The last sections below
summarize examples of research on analogous applications of
molecular machines at interfaces in materials and biotechnology.
Materials that are nanoarchitectonics with regular structures
include MOFs,'" COFs,"° and other porous materials."*' Those
materials form nanospaces controlled at the nanometer level. It is
very interesting to confine the function of molecular machines
inside such materials. By incorporating molecular machines into
the backbone of porous framework structures, nano-actuators,
highly controlled molecular transport, and host-guest pheno-
mena in elaborately structured spaces are expected to be achieved.
Krause and co-workers have developed a COF structure incorpor-
ating diamine-based light-driven molecular motors (Fig. 24)."*>
Indeed, they succeeded in synthesizing a crystalline 2D COF with
stacked hexagonal layers containing 20 mol% molecular motors.
Molecular motor dynamics were investigated by in situ spectro-
scopy and various features and issues were discussed.
Accumulation of molecular machine motions into macro-
scopic motions is one challenge for the practical application of
molecular machines. It is an important next step toward future
actuators and soft robotics. The key to solving this challenge is
to effectively integrate synthetic molecular machines in hier-
archically aligned structures and to collect many individual
molecular motions in a coordinated manner. Preparing such
hierarchical structures is a hallmark of nanoarchitectonics, and

View Article Online

PCCP

nanoarchitectonics concepts can be useful for this purpose.
Feringa, Chen, and co-workers reported the incorporation of
molecular motor molecules into liquid crystal network phases
and evaluated their complex motions upon single wavelength
illumination (Fig. 25)."** In this case, the molecular motors play
multiple roles in the network as cross-linkers, actuators, and chiral
dopants. The collective rotational motion of the motors demon-
strated different types of motion of the polymer films, including
bending, wavy motion, high-speed unidirectional motion on the
surface, and synchronized helical motion. Polymeric liquid crystal
films, including racemic ones, can move over surfaces in high-
speed wave-like motions. On the other hand, films containing
enantiomerically pure motors are capable of complex helical
motions upon UV irradiation. A medium such as liquid crystals,
which possess flexibility while having an organized structure, is
useful in creating responsive materials that amplify the function-
ality of molecular machines. The same group has also developed a
supramolecular system consisting of 95% water, formed by the
hierarchical self-assembly of photo-responsive amphiphilic mole-
cular motors.'** Molecular motors first assemble into nanofibers,
which are then aligned into bundles that form a string several
centimeters long. Light irradiation induces rotational motion of the
molecular motors, which propagates and accumulates, causing the
fibers to contract toward the light source.

The incorporation of molecular machines in molecular
assemblies, such as lipid bilayers, has also been investigated.
Such systems can also be envisioned for biological applications.

molar ratio 4:1 = m,~-COF

(P)-(R)-stable (M)-(R)-metastable

(M)-(R)-metastable

(P)-(R)-stable

Fig. 24 A COF structure incorporating diamine-based light-driven molecular motors. Reproduced under terms of the CC-BY license from ref. 122, 2022

Royal Society of Chemistry.
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Fig. 26 Hydrophobic light-driven rotational motor with two 18-crown-6 macrocyclic compounds incorporated into a phospholipid bilayer, where the
ion channel exhibits selective transport of alkali cations across the phospholipid bilayer in the dark and UV irradiation strongly increases its transport
activity by up to 400%. Reprinted with permission from ref. 125. Copyright 2021 American Chemical Society.

Barboiu, Giuseppone, and co-workers modified a hydrophobic
light-driven rotational motor with two 18-crown-6 macrocyclic
compounds and incorporated it into a phospholipid bilayer
(Fig. 26)."*® This ion channel exhibits selective transport of
alkali cations across the phospholipid bilayer in the dark.
Furthermore, UV irradiation strongly increases its transport
activity by up to 400%. The actuation dynamics of the mole-
cular motor provide energy to the ion channel. Increased
motional dynamics help to overcome the activation barrier
required for ion transfer between macrocyclic molecules along
the artificial pore. The increased ion transport activity is due to
the non-equilibrium actuation dynamics of the light-driven
rotary motor. Molecular design may also allow for architecting
dynamic superstructures that are ion-selective and permeable.

5.2. Bio-interfaces

As mentioned above, molecular machines can be incorporated
into lipid bilayers, which are also cell membrane models, to
control their membrane permeability. Recent studies have also

13552 | Phys. Chem. Chem. Phys., 2024, 26, 13532-13560

reported systems in which molecular motors are incorporated
into the plasma membrane of real living cells. Garcia-Lopez
et al. demonstrated that the nanomechanical action of mole-
cular machines can be used to perforate the cell bilayer."
By physically adsorbing a molecular motor onto the lipid
bilayer and subsequently activating the motor with ultraviolet
light, they were able to pierce the cell membrane. The nano-
mechanical action of molecular motors can selectively target
specific cell surface recognition sites by using molecular
machines with short peptides attached. They have also used
two-photon excitation of near-infrared light for molecular
motor rotation upon appropriate motor design (Fig. 27)."*”
The used wavelengths of light only cause minimal damage to
normal cells. The molecular motors were able to combine cell-
specific targeting by peptides with biologically safe activation
by near-infrared light. It would be possible to rapidly
and specifically kill undesirable cell types such as cancer cells
using biologically safe wavelengths of light. Using advanced
molecular machines, Gram-positive and Gram-negative bacteria,
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Fig. 27 Two-photon excitation of near-infrared light for molecular motor rotation to rapidly kill specific cell types using biologically safe wavelengths of
light. Reprinted with permission from ref. 127. Copyright 2019 American Chemical Society.

including methicillin-resistant Staphylococcus aureus, could be
killed in minutes using an artificial molecular machine that could
be activated by visible light (405 nm)."*® This could be a distinctive
antimicrobial therapy that greatly surpasses conventional anti-
biotics. Visible light-activated antimicrobial agents have an
unconventional mode of antimicrobial action and are unlikely
to cause bacterial resistance.

The development of artificial ion-channel molecular
machines with high activity, selectivity, and gating capabilities
is of medical interest. Qu, Bao, and co-workers have developed
an ion-channel molecular machine that penetrates the cell
membrane (Fig. 28)."*° A high-speed motor with a crown ether
group was introduced into the stator of the two arms. This bola-
amphiphile type molecular design allows this molecular machine
to penetrate lipid bilayers. The rotational motion of the motor
provided additional working energy to accelerate ion transport in
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the channel, thus realizing the optical gating function. The light-
driven rotational motion promoted K" efflux, generated reactive
oxygen species, and ultimately activated caspase-3-dependent
apoptosis. Excellent cytotoxicity and cancer cell selectivity were
imparted. The design of this dynamic molecular machine is
expected to demonstrate the ability to regulate intracellular K
levels and indicate a novel strategy for drug discovery in the
treatment of cancer and other diseases.

6. Perspectives: meaning of the study
of molecular machines at interfaces
and future evolution

Molecular machines were developed through their clever
molecular design, and in the early studies, their motion and

light-driven motor rotation
accelerates K* efflux

caspase-3 induced cytochrome C Rosf

/ poptosis

Fig. 28 An ion-channel molecular machine at the cell membrane with light-driven rotational motion promoting K* efflux, generated reactive oxygen
species, and ultimately activated caspase-3-dependent apoptosis. Reprinted with permission from ref. 129. Copyright 2022 Wiley-VCH.
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function were determined by spectral analysis of molecules
dissolved in solution. Subsequent significant developments
in nanotechnology have made it possible to observe high-
resolution molecular imaging on solid substrates, and mole-
cular manipulation on solid interfaces has been actively
studied."®® In addition, basic considerations on machine opera-
tions and functions have been made thermodynamically and
kinetically."*" The detailed analysis has been fed back to
molecular design and the development of advanced molecular
machines such as molecular gears and nanocars.

In this paper, we have seen several examples of the move-
ment and function of molecular machines in interfacial envir-
onments. With the development of probe microscopy, we are
now able to capture the movement of molecular machines in
realistic images as if we were looking at them with our own
eyes. Finally, the authors would like to emphasize that this is
extremely significant progress in the development of molecular
machine science. Molecular machines were originally initiated
as chemistry in solution, and the example shown in Fig. 29(A) is
a typical early example of molecular machines."** In response
to reactions with external substances or external stimuli, mole-
cular rotors exhibit rotation in a constant direction. Such
a motion has been confirmed by spectroscopic techniques such
as NMR in solution. Then, why can molecular rotors move
in a certain direction? To answer such a question, we have to
examine the problem from an energetic point of view. Fig. 29(B)
plots the calculated energy profile of the rotation of a triptycene
rotor against a helicene stator in a model molecule of the
molecular rotor, plotted against the rotation angle."** The
asymmetry of the energy profile with energy dissipation would
result in a preferential rotation in one direction. This ratcheting
mechanism occurs in coexistence with thermal fluctuations in
solution under ambient conditions. This situation is proble-
matic for further understanding of the phenomena. Although
the motions of molecular machines can be evaluated by

(A) Molecular Rotor

Fig. 29
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calculations, experimental confirmation of such a detailed
motion in solution is usually very tough. In contrast, conditions
such as on the surface, at cryogenic temperatures, and in an
ultrahigh vacuum, where the fluctuation factor is eliminated,
are extremely favorable for understanding the nature of such
molecular machines. Investigation the motions at a surface/
interface is very important to elucidate the mechanism of
action of molecular machines. Clean solid surfaces provide
an ideal field. Liquid and membrane interfaces provide a field
for studies that bridge the gap between solution and biological
systems. These are the most meaningful points in studies of
molecular machines at interfaces.

Switching working environments is similar to the evolution-
ary process of organisms that evolved from water to land.
Furthermore, molecular machines are expanding their activi-
ties from the static environment of a solid interface to the more
dynamic environment of a liquid interface and the interface
between materials and living organisms.'** In addition to the
aspect that molecular machines change their field of activity
while maintaining their basic functions, as in the workings of
molecular machines in cell membranes, there is also the
characteristic that molecular machines function collectively in
dynamic environments. This makes it possible to reflect the
accumulation of individual molecular machines into macro-
scopic physical properties and, conversely, to control molecular
machines through macroscopic mechanical motions. Accord-
ing to these backgrounds, this review overviews and discusses
the trends in molecular machine research by classifying them
into (i) solid interfaces, (ii) liquid interfaces, and (iii) various
material and biological interfaces.

Of course, all the features cannot be explained in this short
review article. Molecular machines and related phenomena
including extremely long distance motion,"*> 1D motion along
a specific motion,"*® pulling of flexible chains,"*” and translation
upon the effect of Brownian motions™*® have been reported.
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(A) Typical example of a molecular rotor with unidirectional rotation upon external stimuli; (B) a model of rotor unit and calculated energy as a

function of dihedral angle between the front part and the back part. Reprinted with permission from ref. 133. Copyright 2001 American Chemical Society.
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However, another important direction on molecular machines
can be suggested below. Molecular machine research is not only
changing the interfacial environment, but also evolving from
individual organisms to collective systems that work in tandem.
This is similar to the process of evolution of living organisms from
unicellular to multicellular organisms. The collective function of
molecular machines is currently achieved by accumulating a
single type of molecular machine in an environment such as a
liquid interface, and then harmonizing them to make them
function together. For more advanced functions such as those
seen in biological systems,"* it will be important to form a system
in which multiple types of functional molecular machines work in
tandem. It is important not only to develop individual molecular
machines but also to rationally organize them into an appropriate
environment such as an interface. In other words, the organiza-
tion of molecular machines into interfaces through nanoarchitec-
tonics will be the key to future development. The organization of
molecular machines of multiple species is expected to make the
system more complex. Although it has been difficult to build such
complex systems using conventional methods, the introduction of
artificial intelligence technologies'*® may provide a solution
to this problem. We can expect molecular machines to evolve
further with the addition of new essences such as the setting of an
interface, organization by nanoarchitectonics, and analysis by
artificial intelligence.
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