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As the electronics industry is integrating more and more new molecules to utilize them in logic circuits and
memories to achieve ultra-high efficiency and device density, many organic structures emerged as
promising candidates either in conjunction with or as an alternative to conventional semiconducting
materials such as but not limited to silicon. Owing to rotaxane's mechanically interlocked molecular
structure consisting of a dumbbell-shaped molecule threaded through a macrocycle, they could be
excellent nanomachines in molecular switches and memory applications. As a nanomachine, the
macrocycle of rotaxane can move reversibly between two stations along its axis under external stimuli,
resulting in two stable molecular configurations known as "ON" and "OFF" states of the controllable
switch with distinct resistance. There are excellent reports on rotaxane's structure, properties, and
function relationship and its application to molecular electronics (Ogino, et al., 1984; Wu, et al., 1991;
Bissell, et al., 1994; Collier, et al., 1999; Pease, et al., 2001; Chen, et al., 2003; Green, et al., 2007; Jia,
et al, 2016). This comprehensive review summarizes [2]rotaxane and its application to molecular
electronics. This review sorts the major research work into a multi-level pyramid structure and presents
the challenges of [2]rotaxane's application to molecular electronics at three levels in developing
molecular circuits and systems. First, we investigate [2]rotaxane's electrical characteristics with different
driving methods and discuss the design considerations and roles based on voltage-driven [2]rotaxane
switches that promise the best performance and compatibility with existing solid-state circuits. Second,

we examine the solutions for integrating [2]rotaxane molecules into circuits and the limitations learned
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crossbar structure and architecture to [2]rotaxane circuits reduces the fabrication difficulty and extends
DOI: 10.1039/d2na00057a the possibility of reprogrammable [2]rotaxane arrays, especially at a system level, which eventually
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1 Introduction

In 1965, Gordon Moore, Fairchild Semiconductor's Director of
R&D, made a famous prediction that the number of transistors
per silicon chip would double every 1-2 years. Ever since then,
the “Moore's law” has governed the VLSI (Very Large-Scale
Integration) industry fairly well for many decades. VLSI tech-
nology has been driven by rapid performance improvement and
constant integration scale growth. A modern VLSI chip could
contain billions of transistors, with a minimum feature size of
10 nm and below.'* These are all based on the miniaturization
of transistor size in the fabrication process. The smaller the
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transistor size is, the more transistors can be put into the same
chip area. A smaller size, higher speed, and lower energy
consumption are the constant trends driving the rapid growth
of VLSI technology generation after generation. However,
nowadays Moore's law is approaching the physical limits of the
manufacturing process. The current minimum gate width of
a transistor is already less than 10 nm. If the size continues to
shrink down, the manufacturing process will become inordi-
nately difficult. First, the transistor with extremely narrow gate
size demonstrates a sharp decline in its current-control ability,
resulting in “leakage current”.*® Besides, in order to integrate
more transistors on the chip, the silicon dioxide insulating layer
has to be thinner and thinner, which also results in leakage
current. Eventually, the leakage current causes extra power
consumption, as well as signal degradation and error in the
circuit. Second, when manufacturing the chip at 5 nm and
below, the electrons of the transistor will experience the
quantum tunneling effect, and they will no longer move along
the established route.>’® As a result, the characteristics of the
transistor will be out of control, and the difficulty and capital

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Sorting of research work in moletronics as a pyramid structure.

cost of semiconductor fabrication will increase exponentially.
The question, whether Moore's law will fail in the future, has
become the Damocles sword hanging over the head of the
silicon-based semiconductor industry. In order to overcome the
above challenges and continue to extend Moore's Law, disrup-
tive innovation and technology breakthroughs are imminent
and in pressing need. With the rapid emergence of nanotech-
nology, it offers a promising opportunity for the VLSI industry to
make transition from the “microelectronics” into the “nano-
electronics” paradigm. What is the technology beyond silicon
microelectronics? Many potential candidates are available,
including but not limited to single-electron transistors
(SETs),"*** quantum computing,”** quantum-dot cellular
automata (QCA), carbon-nanotube-based transistors,**™® nano-
wire crossbar architecture,®?* CMOL (CMOS-molecular
circuits),*** rotaxane/catenane-based moletronics (molecular
electronics), etc. Researchers are making efforts to explore all
the potential technology candidates. This is like a fair race of all
the choices, and the final winner will shape the future of
nanoelectronics and carry the hope to continue Moore's law to
sustain the continuing growth of the VLSI industry. Among
them, rotaxane-based molecular electronics is a very attractive
solution due to its high device density, low energy consumption
and high efficiency. A rotaxane is a mechanically interlocked
molecular structure consisting of a dumbbell shaped molecule
threaded through a macrocycle. It demonstrates to be able to
switch between two stable states: one with high resistance (OFF
state) and one with low resistance (ON state). Such switching is
reversible, controllable and repeatable. This makes it a perfect
candidate to replace transistor switches in digital VLSI circuits.
Based on this, it can be used for digital memory and/or logic
gate applications. Furthermore, it can be used to construct
a nanowire cross-bar architecture (rows and columns) with
rotaxane switches in each cross junction of the nanowires. Such
an array structure is a promising choice due to its reconfigur-
ability, programmability, and fault-tolerance. It can be easily

© 2022 The Author(s). Published by the Royal Society of Chemistry

formed into a Field Programmable Gate Array (FPGA) architec-
ture, so that users can program its structure into different
connections for digital memory and logic gates. The cost of
molecular materials is low, and the circuit elements can be
synthesized chemically in mass productions. Moletronics has
the advantages of extremely high device density, low power
consumption, and high efficiency and the feature size is auto-
matically reduced to the molecular scale.

2 Moletronics

What is molecular electronics, or “moletronics”? According to
the name, moletronics uses molecules for electronic applica-
tions. That is, it directly uses individual molecules as building
blocks to function as electronic components, assemble them
into electronic circuits, or even construct a complete computer
system. It is an interdisciplinary field based on physics, chem-
istry, materials science, electrical engineering, computer engi-
neering, and biology. Moletronics has the advantages of small
size, low cost, low energy consumption and high efficiency. The
idea of micro- and nanotechnology can be traced back to
Richard Feynman's famous talk in 1959 - “There's Plenty of
Room at the Bottom”.”® In that talk, he made a prediction that
as the technology advanced, there will be tremendous oppor-
tunities in the small-size world, where scientists could manu-
facture extremely small-size devices and components for
different applications. As an example, he predicted that the
diameter of the wire can be as small as 10-100 atoms, and the
circuit can be as small as several thousand angstroms. He also
predicted that it was possible in future that physical laws allow
the use of atoms to create small objects. Many of his predictions
have already come true, and some of them are still waiting for
scientists to implement in the future. His unique vision led to
a very important direction - technology trends tend to become
smaller and smaller, and there are plenty of exciting opportu-
nities in research, invention and applications of the “small”
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world. It was not easy for him to have this bold idea and vision
about “small” research at that time, but time proved that his
prediction was very true. VLSI technology, the foundation of
modern computers and internet, was exactly driven by the
miniaturization of transistor size, from microns to nanometers.
In this way, millions and billions of transistors can be con-
nected together into VLSI circuits with different functionalities
for different applications. Micro- and nanotechnology have also
shrunk the size of sensors, actuators to be integrated into
System-on-Chip (SoC). For nanoelectronics applications,
a digital counterpart device - molecular switch - is needed.
Such a molecular switch should demonstrate two stable states
with high and low resistances, which could be an excellent
candidate for molecular electronic circuits. Research work
about various molecules demonstrating digital switching
behavior has been reported.”*** Among them, [2]rotaxane is
a very promising candidate to replace silicon transistors for
future moletronics applications. Furthermore, many types of
molecular components other than molecular switches have also
been reported, including molecular transistors,'®*”*>?** molec-
ular diodes,** molecular capacitors,’®** molecular insula-
tors,”” etc. Individual molecules may have totally different
properties as bulk materials. A thorough understanding about
the behavior and working principle of these molecules is
required before they can be used for moletronics applications.
At the molecular level, traditional physics laws may not be
applicable and quantum mechanics must be used. It is neces-
sary to analyze phenomena with quantum theory and to study
electronic behavior and thermodynamics at the molecular level.
In this paper, we will propose three levels of challenges that
need to be solved in molecular electronics. Focusing on these
three major challenges, we reveal what progress has been made
in molecular electronics, and what relationship between
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molecular electronics and silicon-based circuits should be in
the future. Finally, with respect of the three major challenges of
moletronics, we explain how rotaxane could help to find
a solution. Rotaxane as a molecular switch could play a signifi-
cant role leading to the future success of molecular electronics.

Compared to silicon-based semiconductors, the main
advantages of molecular electronics are small size, high speed,
low cost, and new characteristics.***® The size of a single
molecule is as small as about a few nanometers. It was previ-
ously considered to be the greatest advantage of molecular
electronics. However, with the constant effort in the VLSI
industry to push the limit, nowadays the feature size of silicon-
based technology has been shrunk to deep submicron and
nanometer levels. For example, Samsung's latest gate-all-
around field-effect transistor has a process feature size below 5
nm.*”*®* Thus, the size of traditional top-down fabricated
microelectronics is already comparable to that of molecular
electronics. However, moletronics offers opportunities which
may not be possible in traditional microelectronics. For
example, the molecules used for moletronics generally have
high diversity in their molecular structure and properties,
leading to a wide variety of choices and opportunities for
different applications. Taking [n]rotaxane as an example, it is
a family with many different species. They have different spatial
geometric structures, isomers and chemical groups with
different characteristics. These natural molecules or artificially
synthesized supramolecular nanomaterials may exhibit
different electronic characteristics. Some of them exhibit new
features that do not exist in traditional solid-state devices.
Moreover, moletronics generally operates under the law of
quantum mechanics. A lot of new phenomena such as quantum
parallelism, quantum entanglement, and quantum tunneling
come inherently in quantum physics. This would enable many

OFF state

Macrocycle

Fig. 2 A schematic model of the [2]rotaxane switch.
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Fig. 3 (a) Molecular structure of the rotaxane, H1. (b) -V characteristics of the thin H1 films on ITO glass, exhibiting the conductance transition

from a low- to a high-conductivity state in curve |, the memory effect of the high-conductivity state in curve I, and the recovery of the low-
conductivity state with reverse voltage scans in curves Ill to V. (c) Transition time measurement of the conductance switching, showing a very
short transition time of about 60 ns (ref. 93) (printed with permission from ref. 93, Copyright © 2005, American Chemical Society).

extraordinary functions which we have never seen before with
traditional microelectronics. It could bring about revolutionary
changes to VLSI technology. Furthermore, molecular elec-
tronics may enable “stacking” of multiple planar transistor
layers into 3D (3-dimension) electronics which could further
significantly increase the current device density level. This is
because the energy consumption of individual molecule is
much less. Some nanomaterials (e.g., nanotube) show superior
thermal conductivity which could help solve the heat dissipa-
tion problem of 3D moletronics. Instead, current silicon-based
VLSI remains 2-dimensional architecture due to the bottleneck
of heat dissipation and 3-dimensional packaging challenges.
Last, moletronics also benefits from its low cost of materials
and fabrication. Each individual molecule functions as an
electronic component, and this leads to ultimate efficiency in
material usage. Molecules can be obtained through large-scale
chemical synthesis. The characteristics of molecules can be
easily modified through a specific chemical synthesis process.
Molecular interactions can be used to form specific molecular
layers through a bottom-up self-assembly process.*-*

On the other hand, moletronics also has its own limitations.
For example, molecules generally show thermal instability at
high temperatures. The control and operation of moletronics at
the molecular level follow quantum mechanics, making it more
complicated than traditional microelectronics. At this time,
moletronics is still in its infancy stage. However, the potential
impact and benefits moletronics could bring to microelec-
tronics are tremendous and beyond imagination. Given some
time, it could result in a revolutionary change and improvement
in the current VLSI industry.

© 2022 The Author(s). Published by the Royal Society of Chemistry

3 On-going work of [2]rotaxane and
its applications to moletronics

The entire modern VLSI is based on the basic building blocks -
CMOS (Complementary Metal-Oxide-Semiconductor) transis-
tors. Transistors, or CMOS transistors, are eventually imple-
menting switching function between “OFF” and “ON” states.
This allows them to represent binary data (digital “0” and “1”) to
achieve expected functionalities. To shift from microelectronics
to nanoelectronics, or moletronics, we need to find the perfect
candidate for the fundamental building block - a switch.
Scientists found that [2]rotaxane demonstrates such attractive
properties. It is bi-stable and can switch between two stable
states with distinguishable high and low resistance in
a controllable way. Furthermore, such transition is reversible,
stable, and repeatable. This makes it a promising candidate for
digital memory and logic gate applications in moletronics.
Many research studies about [2]rotaxane and its applications to
moletronics have been reported.

To summarize the on-going research studies about [2]rotax-
ane and its applications to molecular electronics, we sort the
reported studies into a pyramid structure, as shown in Fig. 1.
The pyramid describes the research of molecular electronics in

52-166

a bottom-up approach. As the foundation of the pyramid, level 1
research is the design, synthesis, characterization and applica-
tion of nanoscale molecular electronic components. It focuses
on the individual molecule and attempts to have a thorough
understanding about the behavior, mechanism and properties
of the molecule. In level 2 research, the work aims at figuring
out an appropriate interface between molecules and the

Nanoscale Adv., 2022, 4, 3418-3461 | 3421
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Hydrophilic Stopper

Fig. 4 Structural formula of the bistable [2]rotaxane used in the crossbar memory. The ground-state conformation is shown and corresponds to
the low-conductance or ‘0’ co-conformation. The molecule is oriented with the (light blue) hydrophilic stopper in contact with the Si bottom-
nanowire electrodes. The switching mechanism involves oxidation of the (green) tetrathiafulvalene (TTF) site to the TTF** or TTF2* oxidation
state, followed by translation of the blue ring from the TTF! site to the (red) dioxynaphthalene site. The TTF* is reduced back to the TTF® oxidation
state to form the metastable state co-conformer, which is the high-conductance or ‘1’ state. The metastable state will relax back to the ground
state with a half-life of about an hour*®* (printed with permission from ref. 101, Copyright © 2007, Nature Publishing Group).

connecting electrodes. Then in level 3 research, multiple
molecular components can be connected together into a func-
tional moletronic circuit. Finally, the top of the pyramid, which
is the ultimate goal of the research, is to build a complete
molecular computer or System-on-Chip (SoC). In short, below
are the 3 levels of challenges which need to be thoroughly
investigated in order to achieve the ultimate goal of molecular
electronics:

Level 1: investigation of the characteristics of molecules to be
used as molecular electronic components.

Level 2: integration of molecules into circuits: interface and
fabrication.

Level 3: integration at the system level: memory and logic.

Up to now, the majority of the existing research work focused
on the level 1 problem, which involves organic chemistry and
molecular synthesis. Level 1 work emphasizes the study and
verification of the properties of the molecule itself for potential
molecular circuits. Research work at level 2 and level 3 is also
being actively conducted and promising progress has been re-
ported. Some researchers also proposed potential architecture
design for complete molecular electronics-based systems and
their integration/communication with traditional silicon
microelectronics. Some research work may focus on one level of
the problem, while simultaneously addressing other levels of
the challenges as well. All these active research studies
contribute toward shaping the paradigm of future molecular
electronics.

3.1 Finding the molecular switch

Scientists have always been good at revealing the magic of
natural biological macromolecular machines. One step further,
scientists also explore the feasibility of lab-made, artificial
molecules to design and develop nano-machines. In the 1980s,
Jean-Pierre Sauvage connected two macrocycles together to
form a mechanically interlocked molecular chain. This new
molecular structure is named “Catenane”.'® Two interlocked
macrocycles can move relatively to each other, which made it
a prototype of the first artificial molecular machine. In the
1990s, Fraser Stoddart brought up an innovative interlocked
molecular system called a rotaxane. He threaded a macrocycle

3422 | Nanoscale Adv, 2022, 4, 3418-3461

onto a dumbbell shaft with two large ends and demonstrated
that the molecular macrocycle was able to move along the
dumbbell chain.'*® Based on rotaxane, he designed and devel-
oped molecular machines such as molecular elevators and
molecular muscles.**7* In 1999, Bernard Feilinga became the
first person to develop a molecular motor and build a molecular
“car” based on it. Because of the outstanding contributions of
the above three scientists in the field of molecular machine
research, they jointly won the 2016 Nobel Prize in Chemistry.

In 1974, Arieh Aviram and Mark Ratner published “Molec-
ular Rectifiers”.””? This paper is considered the pioneering work
of molecular electronics. For the first time, it expounded
systematically a rectifying effect of the molecule with tetra-
thiafulvalene (TTF) in theory. Therefore, it can be used as
a potential molecular rectifier in circuits. Later, more research
proved the theoretical and practical feasibility of using mole-
cules as electronic components. In order for molecular elec-
tronics applications, a bistable molecular switch with two
states, preferably with a distinguishable resistance difference, is
needed. In this way, it can represent the “0” and “1” states for
digital information. Such a molecular switch should be able to
be activated with certain external stimuli to transit between
“OPEN” and “CLOSE” states reversibly. Based on this,
a complete digital circuit architecture can be constructed.
Among numerous candidates for molecular switches, [2]rotax-
ane turns out to be the most promising one.

Rotaxane is not a natural structure, instead, it is an artifi-
cially synthesized interlocking mechanical structure. It is
a unique collection of supramolecules composed of one (or
more) macrocycle interlocked to one (or more) chain molecule.
The chain molecule is used as the shaft passing through the
ring molecules, and two larger molecules are attached to both
ends as “stoppers” for preventing the ring molecules from
slipping out. This forms a stable interlocking supramolecular
structure with mechanical bonds. The name “rotaxane” comes
from Latin words, “rota” for wheel and “axis” for “axle”. The two
components of a rotaxane are kinetically trapped. Since the
ends of the dumbbell (or stoppers) are larger than the internal
diameter of the ring, this ensures that the two components
cannot be easily separated. Rotaxane is a large family, and the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic representation of the crossbar circuit structure. A monolayer of [2]rotaxane (green) is sandwiched between an array of Pt/Ti

nanowires (gold, left-right) on the bottom and an array of Pt/Ti nanowires (gold, up—down) on the top. Before the fabrication of the top
nanowires, the entire molecular monolayer is covered with a Ti protective layer, which is etched away isotropically by using the top nanowires as
an etch mask, leaving the Ti layer (blue) and molecules under the top Pt nanowires intact. (b) Molecular structure of the bistable [2]rotaxane used
to form LB monolayers. The molecule has a hydrophobic (dark green) and a hydrophilic (light blue) stopper. The [2]rotaxane has cyclo-
bis(paraquat-p-phenylene) (dark blue) as the ring component and the supporting counterions are hexafluorophosphate®* (printed with

permission from ref. 81, Copyright © 2003, IOP Publishing).

type can be determined according to the number of chains and
rings. The general notation is [n]rotaxane (n = 2, 3, 4, 5, etc.),
where 7 is the number of rotaxane components. Thus [2]rotax-
ane means it has exactly 2 molecular components: one ring and
one axis. Compared to other rotaxanes, [2]rotaxane has simpler
structure. Furthermore, it demonstrates bistable states with
distinguishable resistance (high and low) and can make
reversible switches between the two states. This makes it well
suited for molecular electronics applications.

3.2 [2]Rotaxane - a bistable molecular switch

[2]Rotaxane is a bistable rotaxane that has two constitutional
isomers with two recognition stations. According to the naming
rules, “[2]” means that there are 2 components: one macrocycle
and one chain molecule in the rotaxane structure. The macro-
cycle can shuttle freely between two stations under certain
conditions. As a molecular switch, its basic working principle is
to change the thermodynamic state of the molecule through
external stimuli (e.g. voltage, light, chemicals and temperature

© 2022 The Author(s). Published by the Royal Society of Chemistry

change). Then, the molecule spontaneously falls to the lowest
energy conformer, that is, the macrocycle moves from one
station to another. Correspondingly, in the macrocycle switch-
ing process, in addition to the change in molecular conforma-
tion, the properties of the molecule, such as electrical or optical
properties, change accordingly. The changes in the properties of
the molecule mark two different output states with distinct
resistances: one has low resistance and the other has high
resistance. The switching process is reversible. From a circuit
perspective, this makes [2]rotaxane a perfect switch for digital
circuits: one represents the “ON” state (or digital “1”) and the
other represents the “OFF” state (digital “0”) in Fig. 2. Based on
this, it can be used for molecular memory and molecular logic
applications.

Fig. 2 describes the complete switching behavior of a [2]
rotaxane molecular switch in molecular dynamics. As shown in
the diagram, the molecule has a chain (bule color) and two large
molecular groups at each end as stoppers (bule plate). There are
two stations on the chain (red - station 1 and green - station 2).

Nanoscale Adv., 2022, 4, 3418-3461 | 3423
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Fig. 6 (a) Schematic representation of graphene transistors decorated with light-activated switchable [2]rotaxanes in the presence of trietha-

nolamine (TEOA) as a sacrificial electron donor. (b) The two-step strategy employed in the assembly of the bistable [2]rotaxane molecules onto
a graphene surface without altering the structure and properties of graphene covalently. (c) The structural formulas and graphical represen-
tations of the 1-pyrenebutanoic acid (PBA) used to link the bistable [2]rotaxane molecules noncovalently to the surface of the graphene'®
(printed with permission from ref. 125, Copyright © 2013, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

Usually, the macrocycle (yellow ring) will be located around one
of them, which is station 1 (indicating “OFF”), forming the most
stable conformation. When an external stimulus is given as an
input, such as a voltage applied, the oxidation state at site 1
changes (losing electrons). The macrocycle with positive
charges leaves this station and moves to station 2 (indicating
“ON”) due to the electrostatic force of repulsion, forming
a metastable structure. In this process, when the macrocycle is
at station 1 or station 2, the different identifiable information
will be used as the output (indicating “OFF” or “ON”). There-
fore, this forward process can be defined as a controllable
molecular switching process from OFF to ON. Similarly, when
the macrocycle is at station 2 (indicating “ON”), similarly, an
external stimulus is given as an input, such as a reverse voltage
is applied; then, the macrocycle leaves station 2 and returns to

3424 | Nanoscale Adv, 2022, 4, 3418-3461

station 1. This backward process can be defined as a control-
lable molecular switching process from ON to OFF. Thus, the
forward and backward processes show a complete controllable
switching behavior, “OFF - ON - OFF”, of a [2]rotaxane molec-
ular switch.

4 The level 1 challenge: the
characteristics of molecules to be used
as molecular electronic components
The level 1 challenge is to answer a question: whether a certain
molecule can be used as electronic components. For this purpose,
the molecule should be thoroughly investigated for its structural

and electrical properties (such as I-V characteristics and C-V
characteristics). For [2]rotaxane, this includes the synthesis and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Synergistic photoswitching mechanisms operative in the bistable [2]rotaxane decorated graphene and energy-level diagram of the
bistable [2]rotaxane/graphene interface™® (printed with permission from ref. 125, Copyright © 2013, WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim).

characterization through NMR, UV-vis spectroscopies, etc.
52-63,65,68-72,74,77,83,85,90,92-94,96-98,102-105,109-111,113,115,118,120,126,131,136,142,143,150,151,
153160162165 The structure of the molecule is analyzed and the
phenomenon of molecular shuttle is verified. Electron micro-
scopes (i.e., SEM, STM, and AFM) are used for observing and
measuring [2]rotaxane. Through simulations and experiments, the
free energy of molecules in the shuttle motion under the control
of redox is decided. The molecular thermodynamics of [2]
rotaxane is also analyzed. The I-V and C-V characteristics of
the molecule are determined through calculations and
experiments‘55,56,64,66,67,70,72,75,77,79,84,86,89,92—94,96—98,1027104,111,115,118,120,122,153

The study of molecular dynamics is important. This essen-
tially addresses the basic working principles of molecular
switches, mass production of molecules, interfaces, and how to
design molecular switches to be used in nanocircuits based on
the molecular characteristics. Moreover, the studies address
whether the molecular switch is compatible with existing
hardware circuits. Meanwhile, the study of electrical charac-
teristics is also important. The first thing that can be solved is
the description of the electrical characteristics of molecular
switches. Then, it can provide an evaluation of electrical
performance to design and optimize the circuit. From the
perspective of a molecular machine, the molecular
dynamics’60,76,85,87—91,94,95,112—115,119,127,129,132,145,156,166 Syl’ltheSlS, NMR
measurement, free energy analysis of rotaxane,”®%>8%106.108,112,114,
H6117,119,127,132,144153 the mechanism and measurement of shut-
tles, etc. have been widely studied. However, there is relatively
less discussion about the electrical properties of [2]rotaxane as
a molecular switch.

Different from MOS transistors, the performance of molec-
ular switches is actually greatly affected by its working envi-
ronment. Among various environmental conditions,

© 2022 The Author(s). Published by the Royal Society of Chemistry

temperature and the solvents being used are the major factors
affecting the switching behavior of [2]rotaxane.

A high temperature is conducive to the molecular shuttle,
thus favoring its switching process. However, solvents can affect
the free energy barrier of the molecular shuttle, and its role is
even more important than temperature. Since [2]rotaxane
makes up a family with various members, its interaction with
solvents varies depending on the individual [2]rotaxane, the
solvent being used, and the individual macrocycles and
molecular chains of the rotaxane structure. Research about
simulations and theoretical calculations of [2]rotaxanes under
various environmental conditions has been reported. For
example, Liu simulated a [2]rotaxane, which has two dodeca-
methylene stations with three 4,4’-bipyridinium moieties as
linkers in between and one a-cyclodextrin (¢-CD) macrocycle.*®
The [2]rotaxane was simulated in two polar solvents, DMSO and
water. It turned out that the free energy barrier of the [2]rotax-
ane shuttles in water is higher than that in DMSO. In another
study, Fu's team simulated a [2]rotaxane with one succinamide
station and one naphthalimide station.*** The macrocycle in
this case was cyclobis(paraquat-p-phenylene) (CBPQT*"). The [2]
rotaxane was simulated in four solvents. The four solvents, with
polarity from small to large, are diethyl ether, acetonitrile,
ethanol and water. For this individual [2]rotaxane, the simula-
tion results revealed that the hydrophobic interaction contrib-
utes the most to the shuttling process, and the hydrogen bond is
the main driving force. At the same time, water, as a small
molecule, formed hydrogen bonds with the hydroxyl groups on
the chain and the amino groups on the macrocycle respectively
during the shuttling. Therefore, it provided a “lubricating”
effect. Correspondingly, among the four solvents, the greater
the polarity is, the smaller the free energy barrier will be, thus

Nanoscale Adv., 2022, 4, 3418-3461 | 3425
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Fig. 8 The scheme of a graphic representation of trans—cis photoisomerization of GO functionalized with a [2]rotaxane array. The [2]rotaxane
array was attached covalently onto both sides of GO; only functionalization on one side of GO is presented for the sake of clarity*?* (printed with
permission from ref. 121, Copyright © 2012, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

resulting in a faster switching process. Water has the greatest
polarity among the four solvents and it acts a lubricant, so it
results in the fastest shuttling process. In addition, some details
in the results are noteworthy. In water, the [2]rotaxane molecule
shows asymmetry between its forward and backward switching
processes.'*'*® In a vacuum, which lacks friction, the switching
process is much faster than that in other solvents. However, the
vacuum environment also lacks the interaction of the medium,
and the molecular energy conduction to the outside is
restrained. That may be a potential challenge when large energy
is generated from molecular shuttles. In short, the solvent is an
important factor affecting the performance of [2]rotaxane
switches. It is necessary to design and optimize the working
environment properly for the selected [2]rotaxane molecule.
The [2]rotaxane switch is directly controlled by the redox
reaction process, and the stimulus that triggers the migration of
electrons can be voltage, photons, or chemicals. The related
research at level 1 is very mature, and the problems and chal-
lenges of molecular electronics do not occur at this level.
Through the following review of the paper, we can learn more
about the current research progress at three different levels.
Gao, et al. and Feng, et al.****'*> designed a thin [2]rotaxane
Langmuir-Blodgett (LB) film on a HOPG (highly oriented
pyrolytic graphite) surface to achieve stable conductance tran-
sitions, as shown in Fig. 3. For a voltage-driven [2]rotaxane, the
applied voltage changes the oxidation state of the recognition
station, driving the macrocycle to move to another station. In
this process, the conductivity of the molecule changes, and it
becomes higher or lower. Two switching states are identified by
monitoring the output current: the high conduction state
represents logic “1”, and the low conduction state represents
logic “0”. The switching is reversible. The forward switching is
controlled by applying a forward oxidation voltage, and the
backward switching is controlled by a reverse oxidation voltage.

3426 | Nanoscale Adv, 2022, 4, 3418-3461

The difference in conductivity between the two states can be
used to describe the behavior of the molecular switch.

This classic example of a voltage-driven bistable [2]rotaxane
structure has one CBPQT*" macrocycle and one chain with two
electron-rich recognition sites (tetrathiafulvalene (TTF) and 1,5-
dioxynaphthalene (DNP)).®*%%%%7 Usually, the CBPQT*" ring
stays on the TTF site for a naturally stable state. At this point,
the molecule shows a high resistance and low conductance. The
shuttling is controlled by the oxidation of the TTF. When the
TTF site is oxidized (i.e., losing two electrons), the CBPQT* ring
leaves the TTF and arrives at the DNP site as a metastable state.
As a result, the molecule shows a low resistance and a high
conductance. When the TTF site is reduced, and similarly, the
DNP site is oxidized, the CBPQT*" ring translates from DNP
back to TTF, and the resistance and conductance change
correspondingly. The experiment proved the results of two
distinct states: the resistance of one state is 10-100 times that of
the other state. Therefore, the switching is achieved by the
transition between these two states with different
conductivity.**

The reported [2]rotaxane can be used for digital data storage.
The reading and writing operations are achieved via a Scanning
Tunneling Microscope (STM), as shown in Fig. 12.%® The device
implements reproducible nano-recording function. The
measured conductance transition showed a very short switch-
ing time of about 60 ns. The on/off ratio was about 100 (ref. 93).
Moreover, the reversible conductivity switching and non-vola-
tile storage effect of the sample are very stable even if the
sample was exposed to air for about 2 months. The series of
experiments have also confirmed that the conductivity switch is
caused by the macrocycle shuttling in the [2]rotaxane, instead of
the formation of metal nanowires.

Green, et al.'* designed a 160 kb [2]rotaxane molecular
electronic memory based on a crossbar structure. The [2]

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 The scheme of a photoresponsive, H-bond-assembled, molecular shuttle 1. Before the 355 nm laser pulse, the translational coconformer
succ-1 is predominant because the ni station is a poor H-bond acceptor (K, < 0.01). After photoreduction by an external donor (D; DABCO,
TMPD, or biphenyl), the equilibrium between succ-1"" and ni-1"" changes (K,eq > 1500) because ni~" is a powerful H-bond acceptor and back-
electron transfer is slow (spin forbidden). Because the absorption maximum (A4max) of ni-17" is located at shorter wavelengths than that of succ-
17, the sum of the absorptions shifts to the blue. The rate at which the absorption shifts (ksnirt) is related to the rate of change in the relative
populations of succ-1""and ni-1"", i.e., the time taken for light-induced shuttling of the macrocycle (~1 us, MeCN). After charge recombination
(~100 ps, MeCN), the macrocycle shuttles back to its original position. Cycling of this process at 10* times per second generates a mechanical
power of ~10~1° W for each shuttle” (printed with permission from ref. 71, Copyright © 2001, The American Association for the Advancement of

Science).

rotaxane molecule applied in the crossbar memory is shown in
Fig. 4. The memory device contains the following features. First,
the wiring is at the micron-level and results in a high bit density
(10" bit per cm?). The size of 16 kb memory is approximately
equal to the size of a white blood cell. Secondly, the geometric
structure of the crossbar can be manufactured by a traditional
top-down nanofabrication process. The crossbar switch is
a high-density two-dimensional digital circuit that supports
independent addressing for each unit. At the same time, this
geometrical structure can tolerate manufacturing defects; that
is, the resulting hardware defects do not prevent the configu-
ration of a robust computing device. Although all good bits can
be operated in multiple loop times, such as testing and reading/
writing steps, most of those bits just fail after about six cycles;
also, they do not last for more than ten cycles. Thus, the failure
mechanism and long-term reliability of the memory still need to
be investigated.

Furthermore, in this case, [2]rotaxane has the same CBPQT**
macrocycle and one chain with a TTF site and DNP site as the
one in Gao and Feng's work, but the stoppers and spacer are
different. Simulations and experiments prove the effect of
species of spacers on the switching of the CBPQT"" macro-
cycle,®**>%” where more rigid aromatic spacers will stabilize the
switching barrier when designing a molecular device. When the
[2]rotaxane molecular switch is used as a memory cell, the
reading/writing operation is done by applying a voltage pulse to
the electrodes. A “+1.5V, 0.2 s” pulse is for setting the bit to the
“1” state, while a “—1.5V, 0.2 s” pulse is for setting the bit to the
“0” state. A non-perturbing +0.2 V bias is for reading each bit.***

© 2022 The Author(s). Published by the Royal Society of Chemistry

The paper did not verify the switching time of the [2]rotaxane
unit. The reported memory is implemented with a nanowire-
based crossbar architecture.

Chen, et al.?* fabricated a nano-scale rewritable non-volatile
crossbar memory circuit based on a [2]rotaxane monomolecular
switch via the imprinting lithography technology. Similarly, this
[2]rotaxane, in Fig. 5, has a CBPQT*" macrocycle and one chain
with a DNP site. It does not have a TTF site; instead, it has
a mpTTF site. The [2]rotaxane monolayer was fabricated by
using the Langmuir-Blodgett (LB) method. In the circuit
prototype, the LB film of [2]rotaxane is sandwiched between
metal nanowires, forming a Ti/Pt-[2]rotaxane-Ti/Pt crossbar.
The width of each nanowire was measured to be ~40 nm; thus,
the active area at each cross point in the circuit was ~1600 nm?.
They fabricated an 8 x 8 crossbar in an area of 1 um”. Each
cross point is used as an active storage junction, so the crossbar
switch circuit promises a bit density of 6.4 GB cm > The
prepared nano-scale molecular circuit can be used as an ultra-
high-density memory. The paper also demonstrated a demulti-
plexer/multiplexer logic integrated with the memory. This is
classic work aiming at the level 2 challenge (circuit fabrication)
and level 3 challenge (building the logic).

Jia, et al™ used high-quality graphene as a probe in
combination with photoexcitation to establish a redox-bistable
[2]rotaxane-graphene interface (in Fig. 6a). The [2]rotaxane (in
Fig. 6¢) includes a CBPQT* macrocycle and one DNP site. The
other site is a 4,4'-bipyridinium (BIPY**) unit. It also has
a photocatalytic ruthenium(n)-tris(2,2'-bipyridine) ([Ru(bpy)s]*")
stopper. For operating the switch, photons can be absorbed by

Nanoscale Adv, 2022, 4, 3418-3461 | 3427
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Fig. 10 Molecular formulas and graphical representations of the
bistable [2]rotaxane'®” (printed with permission from ref. 107, Copy-
right © 2009, American Chemical Society).

[Ru(bpy);]** when light is on. This induces the reduction of the
BIPY?" units, which motivates translocation of the CBPQT*"
macrocycle from the DNP to the BIPY>' site. When light is out,
the CBPQT"" macrocycle moves back from the BIPY* to the
DNP site. This work also aims at the design challenges from
level 1 to level 3. However, the [2]rotaxane molecule in this work
is not directly used as an electronic switch. Instead, the
switching is photoactivated and it is composed of both the [2]
rotaxane molecule layer and graphene monolayer together (in
Fig. 6b). A [2]rotaxane molecule is linked to the graphene layer
by a 1-pyrenebutanoic acid (PBA) linker to form a photo-
responsive [2]rotaxane-graphene interface.

The [2]rotaxane molecular layer forms a positively charged
three-group complex after photoactivation if light is given. It
makes the CBPQT** macrocycle of the [2]rotaxane molecular
layer transfer to the BIPY>" site (at the same time, the CBPQT**
macrocycle is close to the surface of the graphene layer). As
a result, a built-in electric field is formed at the [2]rotaxane-
graphene interface. This electric field changes with the shuttle
movement of the [2]rotaxane molecular layer and the change of
the electrostatically induced capacitance coupling, thereby
changing the conductivity of the graphene layer; and finally, the
logic states of “ON” and “OFF” (in Fig. 7) are achieved.

For the level 3 challenge, an example research study
demonstrated the design and implementation of a half adder
and a half subtractor with complex I/O settings. The designed
interface implements a multifunctional optoelectronic device,

3428 | Nanoscale Adv., 2022, 4, 3418-3461
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a symmetrical mirror-image optical molecular switch. Its frame
system includes microfluidic channels about 100 pm high and
about 250 um wide. The switching time of the switch is about
400 seconds. Each unit shows a non-volatile storage effect and
excellent reversibility. The experiment also explored the
assignment of binary logic states to the light response behavior
of the device, which proved the feasibility of sequential logic
circuits design with the memory effect.

Regarding the photo-responsive [2]rotaxane interface, earlier
papers were about the study of [2]rotaxane-graphene oxide (GO)
surface arrays. Hong Yan, et al.'** introduced photo-response o.-
CD-based [2]rotaxane onto the surface of GO by applying click
chemistry. The macrocycle of [2]rotaxane is a photoswitchable
a-cyclodextrin (a-CD). The two recognition sites are the azo-
benzene unit and the triazole ring on the chain. In the study, GO
was functionalized (with carboxylic acid groups) to further
enhance its solubility in water. In an aqueous solution, the a-CD
ring can be reversibly switched between the two recognition
sites in the system via irradiating ultraviolet and visible light
alternately. Such [2]rotaxane (in Fig. 8) on functionalized GO
provides a photo-response platform for potential information
storage devices.

Brouwer, et al.”* also reported a light-responsive [2]rotaxane.
At room temperature, giving a nanosecond laser pulse as the
input, the macrocycle moves reversibly between two hydrogen-
bonding stations. The macrocycle initially stays at the preferred
succinamide (succ) site; and the other site is a 3,6-di-tert-butyl-
1,8-naphthalimide (ni) unit. When a light-responsive reaction
occurs, the relative binding potentials of the two sites are
changed. The benzylic amide macrocycle leaves the succ site and
moves to the now-preferred ni site. The switching process of the
macrocycle takes about 1 ps. After the charge recombination is
completed in 100 ps, the macrocycle returns to the original
position. The entire process is reversibly cyclable like the
working principle of a piston or a boomerang.

The paper firstly characterized [2]rotaxane and studied the
shuttle mechanism, as demonstrated in Fig. 9. In addition, the
paper studied the influence of the medium on the shuttling
speed of the macrocycle. The speed of the shuttle process
involves the breaking of the H-bond between the macrocycle
and the site. The macrocycle will shuttle faster in a solvent with
a higher dielectric constant and shuttle slower in a solvent with
a lower dielectric constant. For polarity, a solvent with a higher
polarity will lead to a higher shuttle speed. This result is also in
good agreement with the lubricating effect of water during [2]
rotaxane molecular switching. Although the paper did not
mention the speed at which the macrocycle returns to the initial
site, the confirmed forward switching time was about 1 ps.
However, the charge recombination rate of the rotaxane radical
anion is relatively slow and requires about 100 ps (about 100
times that of the forward switching process). Thus, the cycle rate
of the switching process will depend on the “charge recovery
rate”. In addition, the energy of forward switching movement is
about 4.3 kcal mol ™", while the backward process (recovery
stroke) released an energy of about 6.9 kcal mol™'. The
hypothesis is that forward and backward processes are non-
symmetrical. The paper also suggested that longer wavelength

© 2022 The Author(s). Published by the Royal Society of Chemistry
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light applied may result in a shorter switching time if binding
properties between the macrocycle and the station as well as the
physical properties of the chromophore are adjusted.

Zheng et al.'®” fabricated a [2]rotaxane-Au nanodisk array.
The bistable [2]rotaxane (Fig. 10) is redox-controllable by the
oxidants and reductants it is exposed to. The localized surface
plasmon resonances (LSPRs) of the gold nanodisk will undergo
reversible conversion. This property shows the promise of
application of the device in nanophotonic integrated circuits.

In order to implement functional nano-electronic circuits
and make it easily compatible with current microelectronic
circuits, some practical challenges need to be addressed. Table
1 compares some core features of [2]rotaxane molecular
switches with different driving methods: voltage-driven,
photon-driven, and chemical-driven. Among these three driving
methods, the voltage-driven has more advantages compared to
the other two. First, the input and output signals of voltage-
driven [2]rotaxane are all electrical signals, which are compat-
ible with current microelectric circuits. The voltage-driven [2]
rotaxane also shows less response time and switching time
compared to the other two driving methods.

Second, voltage-driven [2]rotaxane uses a solid-state device
under an appropriate working environment and no liquid
solution is needed. All three types of driving methods of [2]
rotaxane switches can work at room temperature. However, the
photo-driven [2]rotaxane needs an additional physical structure
to transport solvents and control the light path, and the array
usually needs to work at the interface with the solvent as the
medium. Therefore, they have longer operated delays in time. In
a chemical-drive system, chemical reagents are required as
signal inputs and its performance will be more sensitive to
temperature. Both cases require molecules to perform in
a stable solvent environment, which adds extra complexity to
the system. For chemical-driven [2]rotaxane, chemical reagents
need to be added and by-products need to be removed. In
contrast, the voltage-driven [2]rotaxane switch does not require
a liquid solution environment and chemical reagents.

To build a nano-scale circuit, a large number of molecules
need to stably link to the electrodes, and the circuit will be
controllably integrated with external components to execute
either memory or logic functions. Furthermore, an efficient
architecture should be incorporated to allow the device to
communicate with other systems and operate in a collaborative
way. The comparison of the three driving methods of [2]rotax-
ane switches is listed in Table 1. Besides, a complete list of
essential research works on rotaxanes over years at all three
levels of the pyramid are summarized in Table 2.

For [2]rotaxane molecular circuits, the fundamental research
and level 1 research are relatively mature. A variety of [2]rotax-
anes have been synthesized in practice, and their characteristics
as molecular switches have been characterized. As the level 1
challenge, the design of molecular electronic components
needs to consider the driving method of the [2]rotaxane
molecular switch, its working environment, the response
signals, and the switching time (performance).

© 2022 The Author(s). Published by the Royal Society of Chemistry

Table 1 Comparison of [2]rotaxane switching with different driving methods

Fabrication

Solvent required

Waste products

Response time Switching time

Inputs Outputs

Driving methods

Metal-molecule-metal

Fast Fastest case: ~ns No No

Voltage

Voltage

Voltage-driven

The structure is simple

Low cost

Current
Light

Other cases: ~ps

Decreased complexity at the system level

Fluorescence

Light

Need additional parts as the light path for control

The structure is complex

Reliability is decreased

Fastest case: ~is No Yes

Relatively fast

Light

Photo-driven

View Article Online
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Need chemical supplement and by-product removal

The structure is complex

Increased complexity at the system level
Reliability is decreased

Rely on a liquid environment
Increased complexity at the system level

Yes

Yes

Fastest case: ~s
2nd fastest case: ~ms

Other cases: ~ms
Other cases:~s

Relatively slow

Fluorescence
Chirality
Current

Light
Chirality
Chemicals

Current

Chemical

Chemical-driven
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Among several different driving methods, the advantages of
voltage-driven/electrically responsive molecular switches are
obvious:

(1) The input and output are all electronic, no additional
optical or chemical input is required, and it has good compat-
ibility with existing electronic circuits.

(2) There is no need to design complex structures to provide
a working environment for molecular switches, such as adding
chemical reagents, designing light pathways, designing waste
channels for by-products, etc.

(3) Faster response time.

5 The level 2 challenge: integration of
molecules into circuits: interface and
fabrication

Once the level 1 challenge is solved, the level 2 challenge
addresses the interface design between the molecules and
connecting electrodes. Molecular elements need to maintain
stable functional activity under constrained interface condi-
tions. For the level 2 challenge, there are actually two important
aspects. One is the development of a manufacturing process
that can integrate a large number of molecular components into
the circuit (i.e., low-cost fabrication); the other is that this
manufacturing process needs to ensure the performance of
molecular electronic components (i.e., maneuverability of
molecules). So far, bistable [2]rotaxane conversion kinetics have
been studied in solutions, polymer matrices, and self-assem-
bled monolayers (SAMs).

5.1 Interface

In terms of hardware, molecular electronics researchers have
made some prototypes for memory and logic devices. One
structure is that the [2]rotaxanes are firstly synthesized and
immobilized in a specific film. Then, the [2]rotaxane film is
transferred onto the substrate to form a nanodot recording array.
This memory device needs a scanning tunneling microscope
(STM) to address and complete read/write operations, similar to
reading and writing on an optical disc. In this structure, the
disadvantage is that addressing is limited to the mechanical

Oxidation
—_—

-
Reduction

View Article Online
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movement of the “probe”. In other schemes, one end of the [2]
rotaxane is linked to the substrate via a chemical group or linker,
and the other end is linked to the electrode layer via a chemical
group or linker. Such a sandwich structure allows each molecular
switch, like a transistor, to stand between the base layer and the
electrode layer.®*”*”> The structure is also used for memory, and it
is possible to build memristors to construct logic gates.

Another popular scheme is the crossbar architec-
ture,”®#9»1941% which is a high-density two-dimensional nano-
meter recording structure. This structure can realize the logic
programming of the array. At the circuit level, all these devices
have the potential to perform both memory and logic functions.
They also have the potential to integrate with external systems
to perform functions together. For rotaxane electronics, the
architecture is still in the early exploratory stage. Further
research is needed to identify the best architecture for future
nanoelectronic circuits.

The real challenge occurs in level 2 and 3 research. Some
memory and logic circuits based on [2]rotaxane have been
successfully fabricated. The interface between the molecule and
the electrode has been widely studied at level 2 and the mole-
cules have also been successfully integrated into the circuit.
However, it is difficult for them to maintain a long-term activity,
and the device is just inactivated after certain cycles. This has
also become a breakthrough point in the development of
molecular electronics in the future. The research of new nano-
materials will bring about new opportunities, for example,
molecular electronic components combined with graphene or
carbon nanotubes.

5.2 Disk-like structure

The structure of disk-like molecular memory is very similar to
the traditional CD-ROM. Usually, the molecular switch film is
placed on a specific substrate forming a substrate-metal-[2]
rotaxane multilayer. Reading and writing operations are carried
out through a mechanically movable probe or other ways with
movable parts.

As the [2]rotaxane-Au nanodisk array designed by Zheng,
et al.,'” the bistable [2]rotaxane is redox-controllable by the
oxidants and reductants it is exposed to. The localized surface
plasmon resonances (LSPRs) of the gold nanodisk will undergo

Au Nanodisk

Fig. 11 Working principle of the molecular-machine-based active plasmonics'®’ (printed with permission from ref. 107, Copyright © 2009,

American Chemical Society).
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Fig. 12 STM images of the recording dots written on the H1 thin films. (a—c) Recording dots written one by one through the application of the
voltage pulses from the STM tip. (d) Typical |-V characteristics measured on the original films (I) and on the induced recording dots (Il). (e) STM
images of a 5 x 4 recording dot array on the H1I/HOPG sample. This film has been left exposed to air for about 2 months since its preparation.
STM was performed in constant current mode with set points of (Vjas) 0.65 V and (/,ef) 0.05 nA (ref. 93) (printed with permission from ref. 93,

Copyright © 2005, American Chemical Society).

reversible conversion. This property shows the promise of
application of the device in nanophotonic integrated circuits.
Fig. 11 shows the schematic of the working principle of the
molecular-machine-based active plasmonics.

The fabrication process of the [2]rotaxane-Au nanodisk array
mainly involves lithography and reactive ion etching (RIE). The
processing steps are summarized as follows.'"”

(1) First, a thin chromium (Cr) layer was evaporated on
a glass substrate.

(2) Then, a Au thin film with a certain thickness was evapo-
rated on the glass substrate. The Cr layer was sandwiched
between the Au film and the glass substrate for enhancing the
adhesion of the Au film on the glass substrate.

(3) A self-assembled monolayer of close-packed polystyrene
(PS) nanospheres was deposited on the Au surface.

(4) O, RIE was performed to transform the monolayer of close-
packed PS nanospheres into a separated nano-elliptical array;

(5) Ar RIE was performed to selectively etch the parts of the
Au and Cr films that are not protected by the nano-ellipses;

(6) Ultrasound was used to remove PS in toluene, and an
ordered Au nanodisk was left on the glass substrate;

(7) The [2]rotaxane monolayer was finally formed on the
nanodisk by incubating the Au nanodisk in a specific [2]rotax-
ane solution for 2 days.

The size of a gold nanodisk: diameter: 140 nm; thickness: 17
nm.

The size of a cylindrical glass substrate: diameter: 140 nm;
thickness: 45 nm.

The size of a Cr layer: diameter: 140 nm; thickness: 3 nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The STM image of another disk-like molecular memory
discussed in Section 3.1.1 is shown in Fig. 12.%* As a typical disk-
like molecular memory, it uses STM as a movable probe to read
and write [2]rotaxane molecules on the substrate. There were
two substrates involved in the experiment. First, the [2]rotaxane
film was transferred onto an ITO - coated glass substrate using
a common LB deposition technique. The substrate was dipped
and lifted in the [2]rotaxane solution 50 times to complete the
[2]rotaxane coating. The average thickness of a [2]rotaxane LB
film was about 70 nm. The second substrate was pure HOPG. A
[2]rotaxane LB film of about 20 nm thickness was deposited on
an HOPG substrate. The [2]rotaxane recording dots showed
reversible operation in the [2]rotaxane/ITO case; however, the
easing operation failed in the [2]rotaxane/HOPG case.

Similarly, Ye, et al'® anchored the bistable [2]rotaxane
molecule laterally on the Au surface. The molecular switching
was electrochemically controlled by using STM. The structure
and motion of a bistable rotaxane molecule are shown in
Fig. 13. The fabrication process includes two steps. After the [2]
rotaxane molecule was synthesized, a Au{111} single crystal disk
was cleaned and prepared. Then, the [2]rotaxane molecule was
transferred onto a Au{111} disk surface by putting it in the [2]
rotaxane-4PF, solution for 10-20 s immersion.

5.3 Transistor-like structure

There are two typical [2]rotaxane molecular transistors. The first
type uses [2]rotaxane as a single molecular transistor. One
example is shown in Fig. 14 and 15.7%'*
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Fig. 13 Structure and motion of a bistable rotaxane molecule, adsorbed on Au{l111} investigated using electrochemical scanning tunneling
microscopy. (A) The tetracationic cyclobis(paraquat-p-phenylene) ring (CBPQT**, blue) is known to move along the thread between two
recognition sites (tetrathiafulvalene, TTF, green and 1,5-dioxynaphthalene, DNP, red stations) depending on the redox state of the TTF unit. (B)
The protrusions are assigned to CBPQT** rings. (C) In its reduced state at +0.12 V, the CBPQT*" ring prefers to encircle the TTF station. (D) Upon
oxidation (+0.12 to +0.53 V) of the TTF station into a radical cation, electrostatic repulsion propels the ring to the DNP station (blue arrow). (E)
Upon reduction (+0.53 to +0.12 V) of the TTF station to neutrality, the metastable state of the bistable rotaxane relaxes back to its thermody-
namically favorable state, wherein the CBPQT** ring occupies the TTF station (red arrow). Image conditions: Vias = 0.3 V; ltunneling = 2 PA. The
faradaic current was typically less than 10 pA (ref. 110) (printed with permission from ref. 110, Copyright © 2010, American Chemical Society).

In the other type of [2]rotaxane molecular transistor, the [2]
rotaxane molecule is not directly used as a single molecular
transistor. Instead, the electron transfer during the switching of
the [2]rotaxane molecule will change the conductance of the
channel between the source and drain (Fig. 7). So, the transistor
will be ON or OFF according to the state of the [2]rotaxane
molecules. The previous case' in Session 3.2.1 is an example of
this type. Fig. 15 shows the optical image of the example and its
microfluidic system.***

The fabrication details of the high-density graphene tran-
sistor array:'*

(0) Microfluidic system preparation. Firstly, soft lithography
and replica molding techniques were performed to form 100 pm
x 250 pm PDMS microfluidic channels. Then, the [2]rotaxane
decorated graphene was lithographically fabricated on a silicon/
SiO, substrate. Finally, the PDMS stamps were transferred
precisely onto top of the resultant silicon wafers.

(1) The [2]rotaxane molecule and the linker were obtained by
chemical synthesis.

(2) High-quality single-layer graphene (SLG) was obtained by
a low-pressure chemical vapor deposition (CVD) method.

(3) SLG was transferred to a Si/SiO, substrate by using a non-
destructive PMmaMediated method and wet-etching technology.
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(4) The graphene sheet was obtained by using a photolitho-
graphically patterned resis