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Abstract

Recent developments in chemical synthesis, nanoscale assembly, and molecular-
scale measurements enable the extension of the concept of macroscopic machines to
the molecular and supramolecular levels. Molecular machines are capable of performing
mechanical movements in response to external stimuli. They offer the potential to
couple electrical or other forms of energy to mechanical action at the nano- and
molecular scales. Working hierarchically and in concert, they can form actuators
referred to as artificial muscles, in analogy to biological systems. We describe the
principles behind driven motion and assembly at the molecular scale and recent
advances in the field of molecular-level electromechanical machines, molecular motors,
and artificial muscles. We discuss the challenges and successes in making these
assemblies work cooperatively to function at larger scales.

Introduction

The rapid scaling of electronic devices
and other structures to smaller dimen-
sions has driven intense study of new
techniques for the assembly and construc-
tion of devices and machines with func-
tional components based on nanometer-
scale building blocks. In the last few
decades, remarkable advances in chemical
synthesis, nanoscale assembly, and molec-
ular measurements have enabled the
development of such molecular-scale
machines. A variety of nanoscopic species,
including single molecules,? supramole-
cular assemblies (a discrete number of
molecules connected through noncovalent
bonds),*¢ nanoparticles,”® nanowires,*!!
and nanotubes,>1¢ have been used as
components, each offering unique
mechanical properties. Ultimately, success
at miniaturization will extend the macro-

scopic concept of machines to the molecu-
lar level.

In principle, a molecular machine con-
sists of a discrete number of molecules or
other nanoscale components, each capable
of performing mechanical movements in
response to external stimuli.”” While such
machines can be as simple as single
molecules undergoing conformational
changes, they also may function hierarchi-
cally and in concert, performing complex
functions in analogy to biological systems.
One of the most promising examples of
this complexity to date, artificial muscle, is
discussed in this overview article.

Like their macroscopic counterparts,
molecular machines must be powered by
electrical, '3 chemical,!8 electrochemical,!®
or optical?>? means. Although certain key
examples of such mechanical coupling are
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already understood, new strategies for
energetic coupling at the nanoscale will
enable new applications. Thus, under-
standing the stimulus-response behavior
of molecules and assemblies at the
nanometer scale is critical for the practical
implementation and optimization of
molecular machines.

We survey recent progress toward the
control and understanding of nano-
mechanical motion in prototypical molec-
ular systems. Although there are a variety
of artificial molecular machines, such as
molecular logic gates** and molecular
tweezers of DNA?, we focus primarily on
three classes of artificial molecular
machines that have proven especially
promising in this rapidly developing field:
electric field-driven single-molecule
switches, chemically or electrochemically
actuated bistable rotaxane molecular
motors, and electrochemically powered
carbon nanotube-based artificial muscles.
In each area, we discuss the fundamental
principles of molecular assembly,
nanomechanical performance characteris-
tics of the single- or supramolecular
species, and the physical mechanism
underlying stimulated molecular motion.
We also analyze the technological chal-
lenges and perspectives associated with
improving the performance of each
molecular machine.

Electric Field-Driven Single-
Molecule Conductance Switching
Attempts to miniaturize microelectronic
devices to the nanometer scale have led to
tremendous research efforts to exploit syn-
thetic and biological molecules as active
components of devices. In order to gain
insight into how molecules and assemblies
function as self-contained nanoelectronic
and nanomechanical devices, understand-
ing the behavior of individual molecules
and supramolecular assemblies is of criti-
cal importance.320-28 The key challenges for
this research include not only fabricating
precise assemblies of molecules in con-
trolled environments but also accessing
their properties and functions at the
molecular and nanometer scales. Recently,
self- and directed assembly (methods to
organize molecules and to control their
placement based on chemical and nonco-
valent interactions for self-assembly; also,
processing conditions and processing
order for directed assembly) in combina-
tion with scanning probe microscopy tech-
niques have led to significant progress
in electric field—driven single-molecule
switching. Here, we discuss detailed
experimental observations of the switch-
ing of individual and bundled molecules
and the mechanism behind driven motion.
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Current challenges and future perspec-
tives on utilizing single molecules as
switches and developing them into
nanometer electromechanical devices are
summarized.

Self-Assembly and Measurements

In order to study and to control the
environment and thus the stability of
single-molecule switches and motors,
these molecules are inserted into two-
dimensional self-assembled monolayer
(SAM) matrices.32627.29-31  Alkanethiolate
molecules (C,H,,,;S") in the matrix have
low electrical conductivity and low chem-
ical reactivity, and when assembled into
monolayers, their dynamics are under-
stood sufficiently to allow straightforward
control and manipulation. In addition,
specific types of interactions can be
designed and positioned into the func-
tional molecules and their surrounding
matrices.3?73233 All of these favorable fea-
tures make alkanethiolate monolayers
well suited for serving as host matrices
for insertion of target molecules.34-3¢
Figure 1a schematically shows the process
of inserting guest molecules into an
n-alkanethiolate SAM on Au{111}, which
serves as the substrate surface for the for-
mation of SAM, the physical support and
connection, and one of the electronic
contacts. Figure 1b shows a molecular-
resolution scanning tunneling microscopy
(STM) image of a typical alkanethiolate
SAM, in which a number of different
types of defects, including domain bound-
aries, step edges, gold substrate vacancy
islands, and disordered SAM regions, are
observed.? These defects and their densi-
ties can be controlled by processing the
matrix.?’38 After exposing the alkanethio-
late SAMs to guest molecules either in
solution, vapor, or by contact (e.g., with a
patterned polymer stamp), single mole-
cules can be selectively inserted at the
defect sites.3232627,3031,3945 Duye to physical
constraints from the surrounding matrix
and (optional) designed intermolecular
interactions, the inserted molecules are
limited in their motion and stabilized in
specific conformations. The resulting sur-
face structure, as shown in Figure 1c, con-
sists of isolated molecules protruding
from host SAM matrices, enabling meas-
urements of driven molecular switching at
the single-molecule level by STM.%

In this measurement configuration, a
sharp metallic STM tip addresses the iso-
lated molecule and creates a circuit with
the molecule and substrate, in which the
tip serves as top electrode and the gold
substrate as the bottom electrode.3!394647
Although STM images convolve the probe
tip and surface structures and therefore
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Figure 1. (a) Schematics of an
alkanethiolate self-assembled
monolayer (SAM) formed by solution
deposition (left) and a nitro-
functionalized oligo(phenylene
ethynylene) (OPE) molecule (4-(2'-nitro-
4'-phenylethynyl-phenylethynyl)-
benzenethiol (NPPB) inserted into a
defect site in the host SAM (right). (b)
Molecular-resolution scanning tunneling
microscopy (STM) image of a
decanethiolate SAM on Au{111} with
different types of defects into which
single molecules or bundles of other
molecules can be inserted. Image
courtesy of T.J. Mullen. Reprinted with
permission from Reference 3. ©2008,
American Chemical Society. (c) STM
image (1500 A x 1500 A) of OPE
molecules inserted into defect sites on
an alkanethiol SAM. The vertical scale
is ~30 A. OPE molecules appear as
protrusions when oriented near normal
to the surface. V.., Sample bias; I,
tunneling current. Reprinted with
permission from Reference 39. ©2001,
American Association for the
Advancement of Science.

have limited abilities to distinguish single
functional molecules from bundles,® the
specific defect type typically determines
whether one versus several molecules
have been inserted at a particular
site.313940 Assembly conditions can be
selected to favor one or the other, and data
can be analyzed to record essentially

exclusively single functional molecules,®
pairs,® or larger bundles.3

Single-Molecule Switching

Molecular and supramolecular elec-
tronic devices benefit from rational design
of the component molecular structure;
strategic placement of functionality can
give a high level of control over the interac-
tions between molecular electronic devices
and their environment.#-434-51 Highly con-
jugated molecules, such as oligo(phenylene
ethynylene)s (OPEs), polyporphyrins,
polythiophenes, and polyphenylenes, have
been targeted for such devices due to their
relatively high electrical conductiv-
ity.323335425253 [solating single molecules of
OPE derivatives within defect sites of
n-alkanethiolate SAMs339515 is a conven-
ient way to study single, isolated molecules
over long timescales (hours and longer).
Using the electric field between the STM
probe tip and the substrate, OPE deriva-
tives with sufficiently large dipole
moments can be driven between two
states: a high conductance “on” state, in
which molecules appear as protrusions of
several Angstroms from the host matrix
SAM, and a low conductance “off” state,
with molecules either slightly protruding
from or at the same apparent height as the
matrix in STM images (Figure 2).3955%
Since OPE molecules are more conductive
and longer than the dodecanethiolate mol-
ecules of the host SAM, they appear as pro-
trusions in STM images (Figure 2a) when
oriented near normal to the surface.

Such switching also occurs stochasti-
cally, but this stochastic motion can be
reduced or eliminated by stabilizing one
or both states of the functional molecules
by building intermolecular interactions
into the functional molecules and the sur-
rounding matrix.34351,55

Control of Molecular Switching
Chemical functionality and molecular
design of both inserted molecular elec-
tronic components and their host SAMs
play critical roles in switching.#35! Using an
alkanethiolate SAM matrix with buried
amide functionality, such as 3-mercapto-N-
nonyl-propionamide (1ATC9), provides a
sizeable increase in the rigidity of the host
matrix due to hydrogen bonding between
molecular chains and vastly decreases the
stochastic switching rate of embedded
molecules.® Functionality of the inserted
molecule also can have a large effect on
switching activity; the interaction of the
applied electric field with the molecular
dipole drives switching.>' Introduction and
modification of the OPE permanent dipole
has been accomplished by amination,
nitration, and halogenation. By selective
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functionalization, both the dipole magni-
tude and direction can be selected. Figure 3
schematically shows interactions between
molecular dipoles and biased STM
probes>! As shown in the figure, two
OPE analogues with opposite dipole
directions—a nitro-functionalized OPE
molecule (Figure 3a) and an amine-
functionalized, pentafluorinated OPE
molecule (Figure 3b)—were inserted into
SAM matrices with buried functionality
tailored to stabilize their different confor-
mations. When a negative tip bias was
applied to the nitro-functionalized OPE,
the electrostatic attraction drove the
molecule to its high-conductance “on”
state, a conformation nominally normal to
the surface. Conversely, the opposite bias
polarity drove the molecule into its low-
conductance, or “off ” state, with a confor-
mation tilted from the normal. In contrast,
the amino-pentafluorinated OPE, with its
reversed dipole relative to the nitro-
functionalized OPE, was driven into its
“on” state with a positive tip bias and its
“off” state with a negative tip bias.
Importantly, this molecular switching is
reversible and can be driven by the elec-
tric field applied by the STM tip. Bundles
of molecules in crystalline domains
switched together; adjacent domains
could be switched independently.>* This
phenomenon may enable coordinated
motions in properly assembled systems.
We note that for equivalent photoisomer-
ized one- and two-dimensional clusters
of azobenzene-functionalized molecules,
switching efficiency is reduced substan-
tially by steric effects and electronic
coupling of proximate molecules that ulti-
mately switch together.”> Such effects will
be exploited to produce artificial muscles at
the smallest scales.

Recent advances3#*! have enabled the
design, assembly, and characterization of
single-molecule switches based on isolat-
ing functional molecules in matrices. The
switching mechanism involves the confor-
mational changes of molecules driven by
the applied electric field interacting with
the dipoles of the molecules. Host matri-
ces can be used to isolate molecules for
single-molecule studies and also play
important roles in stabilizing the molecu-
lar states. We anticipate that designing
and realizing such precise supramolecular
interactions will be one of the essential
parameters in controlling the overall
behavior of assembled molecular devices.

Rotaxane-Based Redox-Driven
Molecular Machines

Another important class of artificial
single-molecule machines is based on
mechanically interlocked molecular
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Figure 2. Driven switching is observed
in scanning tunneling microscopy
(STM) images (1400 A x 1400 A) for
4-(2"-nitro-4'-phenylethynyl-
phenylethynyl)-benzenethiol (NPPB)
molecules inserted into host amide-
containing alkanethiol self-assembled
monolayer matrices composed of
3-mercapto-N-nonyl-propionamide
(1ATC9). (a) The NPPB molecules are
in the high conductance “on” state and
appear as protrusions; (b) the
molecules have been switched to the
low conductance “off” state after
scanning at the appropriate bias.
Reprinted with permission from
Reference 43. ©2004, American
Chemical Society.

systems (MIMS), highlighted here for
their potential use as artificial molec-
ular muscles. These truly molecular
systems—comprised of components
linked not by covalent bonds but rather by
mechanical ones—exhibit an unusual
property in that the individual interlocked
components can move relative to one
another, yet remain part of the molecule.
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Figure 3. Schematics of interactions
between the molecular dipole and the
local electric field from a scanning
tunneling microscope tip. (a) The nitro-
functionalized oligo(phenylene
ethynylene) (OPE) molecule 4-(2'-nitro-
4'-phenylethynyl-phenylethynyl)-
benzenethiol (NPPB) is inserted into a
matrix of 3-mercapto-N-nonyl-
propionamide (1ATC9). A negative tip
bias draws the molecule to the near
normal “on” state; the molecule tilts to
the “off” state with a positive tip bias. (b)
The dipole for the amine-functionalized
pentafluorinated molecule shown is
inverted compared to NPPB; the amide
group orientation in the matrix has been
reversed relative to the 1ATC9 matrix
used for NPPB. Because of the inverted
dipole, the opposite behavior from
NPPB is observed. Reprinted with
permission from Reference 51. ©2005,
American Chemical Society.

Most MIMs can be categorized as either
catenanes, in which two or more molecu-
lar rings (macrocycles) are mechanically
interlocked as in a chain, or rotaxanes,
where one or more macrocycles are
trapped on a linear rod terminated by
bulky groups (stoppers) attached to each
end of the rod. The bottom-up assembly of
these MIMS is based on templation,”%
making use of intermolecular [r-n] and
hydrogen bonding interactions to bring
individual components together. The rela-
tive motion of the interlocked components
can be controlled by introducing comple-
mentary “stations,” where the compo-
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nents of the mechanically interlocked
compounds recognize each other through
relatively weak noncovalent interactions.
Furthermore, carefully designed com-
pounds can incorporate recognition sta-
tions that can be turned “on” or “off” by a
variety of means, permitting direct control
over molecular-scale movements within
MIMs. These unique molecular machines
based on MIMs working in concert have
been incorporated into drug-delivery
vehicles,%-% electrochromic systems,%67-70
and molecular electronic devices.?05571-78
Switchable rotaxanes are particularly
well-suited for use as artificial muscles
because of the potential to harness the col-
lective efforts of ensembles of linear mole-
cules to exert linear forces, as opposed to
catenanes, which exhibit radial motions.
These types of molecules can be designed
to expand or to contract linearly in
response to different stimuli, such as chem-
ical,1879-8 electrochemical,®-%8 and optical
stimuli.2021.8-92 Depending on the design
(vide infra), switchable rotaxanes are capa-
ble of contracting up to 67% of their initial
(extended) length,%-% suggesting that arti-
ficial molecular muscles could be har-
nessed by tethering to a solid support to
perform macroscale work. This section
describes recent advances and future
prospects for controlling the artificial
molecular muscles on both single-molecule
and microscopic levels and developing
them into nanomechanical devices.”-%
One strategy for the development of
artificial muscles based on MIMs utilizes
hydrogen bonding interactions between a
neutral crown ether (dibenzo[24]crown-8,
DB24C8) and  dibenzylammonium
(R,NH,") and bipyridinium (bypm?*) sta-
tions to produce a pH-switchable
system.!8% This system has been incorpo-
rated” into the design of bistable [c2]daisy
chains, in which two mechanically inter-
locked filaments glide along one another
through the macrocycles (Figure 4). Under
acidic conditions, the DB24C8 ring pre-
dominantly encircles the dibenzylam-
monium ion center. In this state, the
end-to-end length of a single molecule is
approximately 3.1 nm. However, when
the R,NH,* center is deprotonated (with
the addition of a base), the DB24C8 ring
moves from the now-neutral amine site
to the dicationic bypm?* site, a conse-
quence of the substantially reduced affin-
ity between the DB24C8 ring and the
resulting neutral R,NH functionality.
Under these alkaline conditions, the
molecules contract to roughly 2.2 nm
(i.e., contracting 30% of the original
length). Upon reprotonation of the R,NH
function, the DB24C8 ring reverts from
being associated with the bypm? unit to

674

encircling the stronger of the two binding
sites, namely R,NH,". Analysis of these
molecular movements—by  proton
nuclear magnetic resonance and ultravio-
let/visible light absorption spectro-
scopies—demonstrated quantitative, fully
reversible contraction/extension behav-
ior. These results indicate that the molecu-
lar movement of this pH-switchable
molecule translates into controlled mole-
cule contraction and expansion, reminis-
cent of the action of muscle filaments.

In addition to these pH-switchable
molecular muscles, artificial muscles
based on Dbistable donor-acceptor
rotaxanes—designed to undergo actuation
in response to chemical and electrochemi-
cal stimuli (Figure 5)—have also been
developed. These doubly bistable [3]-
rotaxanes employ the intramolecular
recognition between the n-electron
poor tetracationic macrocycle cyclobis
(paraquat-p-phenylene) (CBPQT*) and
two m-electron-rich stations, namely naph-
thalene (NP) and redox-active tetrathiaful-
valene (TTF). In unoxidized rotaxane
molecules, the encircling CBPQT* is sta-
tioned on the neutral TTF unit. When the
TTF is oxidized to either the radical TTF**
or dicationic TTF?, the affinity between it
and the CBPQT* ring is destroyed, and
the ring moves to the weaker alternate NP
station. This mechanical movement is

Bistable[c2]

accelerated by the introduction of electro-
static repulsive forces between the mono-
or dicationic TTF and the CBPQT# ring.
Because of the affinity between the alterna-
tive NP station and the CBPQT#*, subse-
quent reduction of the TTF does not
immediately return the ring to its original
state (i.e., the CBPQT*" ring located on the
neutral TTF unit). The lifetime of this
metastable state varies in different envi-
ronments, depending on matrix effects,”
indicating that the doubly bistable
[3]rotaxane can persist in this metastable
(actuated) state long after the electrochem-
ical stimulus is removed.

Palindromic rotaxanes incorporating the
bistable (TTF-DNP-CBPQT*) motif were
designed as molecular analogues to skele-
tal muscles that could “expand” and “con-
tract” linearly in response to chemical or
electrochemical stimuli. The prototypical
design* (Figure 5) contains two CBPQT*
rings that are located on the TTF stations
approximately 4.2 nm apart from each
other (Figure b5a, upper diagram).
Oxidation of the molecule introduces elec-
trostatic repulsion between TTF?* stations
and the CBPQT* rings that force the
macrocycles to move to the more favorable
DNP (dioxynaphthalene) stations, placing
the rings effectively 1.4 nm apart (Figure
5a, lower diagram). This movement repre-
sents approximately a 67% contraction of

3.1 nm

daisy chain [

Base Acid

2.2 nm

R-NH,*-R

N gs VN o
° .

DB24C8

bypm2+

Figure 4. Schematic representation of a [c2]daisy chain illustrating the assembly and
anticipated mechanical motions of this pH-switchable and fully reversible molecular muscle
system. Under acidic conditions, the end-to-end distance of a single molecule is on the
order of 3.1 nm. The addition of base stimulates rearrangement of the molecule into a 30%
shorter contracted state. DB24C8, dibenzo[24]crown-8; R,NH,*, dibenzylammonium;
bypm?2+, bipyridinium. Reprinted with permission from Reference 97. ©2008, Wiley-VCH

Verlag GmbH & Co. KGaA.

MRS BULLETIN e VOLUME 34 » SEPTEMBER 2009 » www.mrs.org/bulletin

https://doi.org/10.1557/mrs2009.179 Published online by Cambridge University Press


https://doi.org/10.1557/mrs2009.179

Molecular, Supramolecular, and Macromolecular Motors and Artificial Muscles

[a]

Figure 5. (a) Structural formulas of the extended (top) and the contracted (bottom) states
of a prototypical molecular muscle based on doubly bistable [3]rotaxanes. In the relaxed
state, cyclobis(paraquat-p-phenylene) (CBPQT#*) rings (blue) encircle the electron-rich
tetrathiafulvalene (TTF) stations (green), approximately 4.2 nm apart. With chemical or
electrochemical oxidation of TTF stations, CBPQT** rings move inward to the secondary
naphthalene (NP) stations (red), approximately 1.4 nm apart, effecting a 67% reduction in
distance between CBPQT** rings (blue). (b) Structural formula and graphical representation
of a disulfide-tethered bistable molecular muscle used in subsequent cantilever bending
experiments. Reprinted with permission from Reference 94. ©2005, American Chemical

Society.

the distance between the two rings. By
incorporating disulfides into these palin-
dromic rotaxanes (i.e., on the CBPQT**
rings) these molecules can be coupled to
gold surfaces. This design element allows
the relative motions of the ring compo-
nents in the bistable [3]rotaxanes to be cou-
pled mechanically to the surface, an
important step in harnessing molecular
machines to perform macroscale work.
These redox-active rotaxanes have
already made their way from the labora-
tory flask to the surfaces of microcan-
tilevers with the aim of measuring the

collective work performed by ensembles
of molecules working in concert.?3-%5%
Self-assembled monolayers composed of
approximately six billion randomly
aligned symmetrical rotaxanes were
covalently attached to a thin film of gold
(via gold-thiol chemistry) coated onto
one side of silicon cantilevers.?3%* These
cantilevers bent when exposed to an oxi-
dizing agent (Fe(ClO,),) in response to
the oxidation of TTF stations and subse-
quent contraction of the individual rotax-
ane molecules. The observed deflection
(35 nm) corresponds to a linear force per
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molecule of approximately 10 pN.
Furthermore, this significant deflection
was reversible and bent downward with
the addition of a reducing agent (ascorbic
acid), an observation consistent with the
reversible switching of the bistable mus-
cle molecules. This reversibility, repeated
for up to 25 cycles (Figure 6), was limited
by the degradation of either the gold-
thiol bond or the rotaxane itself. These
experiments indicate that the collective
action of appropriately designed indi-
vidual rotaxane molecules that are teth-
ered to surfaces can indeed perform
macroscale work.

The action of these surface-tethered
molecular muscles can also be controlled
electrochemically.®® In this case, the gold-
coated microcantilever was used as a
working electrode in a modified three-
electrode electrochemical cell. When the
potential of the cantilever was held at a
level high enough to oxidize the TTF sta-
tion but low enough to prevent oxidation
of the Au-S linkages (0.4 V versus
Ag/AgCl in 0.1 M aqueous NaClO,), a
dramatic deflection of the cantilever
occurred, a consequence of the mechanical
stress applied to the cantilever by the con-
traction of the muscle molecules.
Furthermore, reducing the potential to
one that is capable of reducing the oxi-
dized TTF but not low enough to reduce
the CBPQT* ring caused the cantilever to
relax. This electrochemically induced con-
traction/relaxation was also partially
reversible (Figure 6c).

As described earlier, rotaxanes intro-
duce many important avenues of current
research aimed toward the design and
control of artificial molecular muscles. The
pH-switchable [c2]daisy chain molecules
are readily amenable to modification with
carefully chosen functional groups. This
modification would enable future work
toward incorporating these types of pH-
switchable muscle molecules into can-
tilever devices and the production of
functionalized muscle molecules that
could be incorporated into liquid crys-
talline® or polymeric'® systems. The mate-
rial properties of these networked MIMs
would then be responsive to changes in
pH at the monomeric level. Furthermore,
mechanical devices that incorporate dou-
bly bistable [3]rotaxanes represent signifi-
cant advances over previous approaches
toward artificial muscle systems based on
molecular machines. The opportunity
exists now to tackle other key objectives.
Chief among them is preventing the
degradation of muscle molecules to enable
truly reversible macroscale behavior and
longer device lifetimes. Current work is
focused on improving the device fabrica-
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Figure 6. (a) Schematic diagram of the proposed mechanism for the operation of a
molecular muscle device. R'2* is the oxidized form of Ré+ (shown in Figure 5b), where both
of the tetrathiafulvalene stations are oxidized to dicationic TTF2*+ (as in Figure 5a). (b) Time
series of deflection data showing 25 cycles of chemical oxidation and reduction of
molecular muscles on a gold cantilever inducing the upward and downward deflections of
one cantilever beam coated with palindromic bistable [3]rotaxane R8+. Reprinted with
permission from Reference 94. ©2005, American Chemical Society. (c) The deflection
versus time (green line) of a gold cantilever coated with R& when subjected to a series of
oxidation and reduction potential steps (purple line). Reprinted with permission from
Reference 95. ©2009, American Chemical Society.

tion conditions—particularly related to the
preparation of self-assembled monolayers
on cantilevers—and incorporating passi-
vating layers around the active device
components.

Carbon Nanotube—Based Atrtificial
Muscles

Carbon nanotubes have likely provided
more fundamentally different types of
actuators than any other material type.
Electrostatic attraction and repulsion
between two nanotubes have been used
for cantilever-based nano-tweezers!! and
mechanically based switches and logic
elements.1921083 On the macroscale, electri-
cally powered'®" and fuel-powered!2113
electrochemical carbon nanotube actua-
tors provide up to a few percent actuator
stroke and over a hundred times higher
stress generation than natural muscle.
Large-stroke pneumatic nanotube actua-
tors have been demonstrated that use
electrochemical gas generation within
nanotube sheets.!'* Carbon nanotubes
also have been used as additives that
act in conjunction with organic polymers
to provide photoresponsive,!!> shape
memory, %17 and electromechanical8
actuators.

Since carbon nanotubes are prototypical
materials that can support much higher
mechanical loads than is possible for other
low density actuator materials having the
same cross-sectional area, we focus on
electrically driven and fuel-driven artifi-
cial muscles based on carbon nanotube
sheets and yarns. Whether electrically or
chemically driven, these actuators use
dimensional changes resulting from elec-
trochemical charge injection into nano-
tubes or nanotube bundles. While other
carbon nanotube types could be used,
exploited carbon nanotubes are of the sim-
plest types, either carbon single-wall
nanotubes (SWNTs) or multiwall nano-
tubes (MWNTSs). A SWNT can be viewed
heuristically as a single sheet of graphite
that has been rolled about an axis to make
a seamless cylinder having a nanoscale
diameter. Integer n and m indices (1, m)
denote the axis of rolling with respect to
crystallographic directions of the graphite
sheet.’® When either # or m is 0, the nano-
tubes are called “zigzag,” since cyclic
rings of carbon atoms around the circum-
ference of the nanotube have a zigzag
arrangement. If n = m, the nanotubes are
called “armchair,” since the cyclic carbon-
carbon chains have connecting bonds that
alternate between being parallel and
inclined with respect to the circumference.
Otherwise, the nanotubes are called “chi-
ral,” since the carbon chains form either
left- or right-handed helices. These indices
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profoundly affect actuation at low degrees
of charge injection, as well as diverse
nanotube electronic and optical proper-
ties. MWNTs are composed of nested
SWNTs with increasing diameters, form-
ing concentric cylinders, such as the rings
of a tree trunk.

Several billion miles of individual 10-
nm diameter, nine-wall MWNTs must be
assembled for each pound of carbon
nanotube actuator material, and the
required length per pound increases with
decreasing outer diameter and number of
walls for the nanotube (corresponding to
decreasing weight per length of the nano-
tubes). Though major advances have been
made in such nanotube assembly to make
long yarns and sheets,'20-125> achieved
strengths, stiffnesses, and creep resistance
are still far below the spectacular mechan-
ical properties demonstrated'? for indi-
vidual SWNTs. This discrepancy between
measured mechanical properties of indi-
vidual nanotubes and those of nanotube
sheets and yarns is principally caused by
poor stress transfer between nanotube
bundles, outer and inner nanotubes in
nanotube bundles, and outer and inner
walls of MWNTs. In all cases, this stress
transfer can be improved by increasing
the nanotube length.

Due to both the high degree of nano-
tube alignment that can be obtained and
applicability to ultralong nanotubes, a
solid-state process is especially attractive
for further development for the produc-
tion of both carbon nanotube yarns and
sheets. This process starts from forests of
carbon nanotubes, which comprise
approximately parallel nanotubes that are
arrayed like the trees in a bamboo forest,
that are made by chemical vapor deposi-
tion. Yarns and sheets are mechanically
drawn from these forests, and yarn twist
can be introduced during draw using a
nanosized version of conventional twist-
based spinning (Figure 7a—c).121122

Carbon Nanotube Muscles Based
on Electrical or Chemical Double-
Layer Charge Injection
Electrochemical charge injection-based
carbon nanotube muscles were initially
proposed in 1996'7 and experimentally
demonstrated three years later.!** Similar
to electrochemical conducting polymer
muscles, which were first described in
1990127128 and remain the subject of
research and commercialization activities,
these carbon nanotube muscles function
as the working electrode (or both the
working and counter electrodes) in an
electrochemical cell (Figure 8a and 8b).
Actuating electrodes in conducting poly-
mer muscles operate by Faradaic

processes and are essentially battery elec-
trodes; dopant intercalation and deinter-
calation provide the dimensional changes
needed for actuation. On the other hand,
carbon nanotube artificial muscle elec-
trodes use non-Faradaic processes by
undergoing double-layer charge injection,
as for electrochemical supercapacitors.
Since dopant intercalation is not required,
artificial muscles that expand and contract
by supercapacitor charging can have a
longer cycle life than those that utilize
Faradaic charging.

Due to the high surface-to-volume ratios
of carbon nanotubes and the nanometer-
scale distances between injected electronic

charges and compensating ionic charges,
the capacitance of nanotube-based elec-
trodes is in the range of ~15 to 200 F/g,'%
depending on the surface areas of the nano-
tube assembly and the electrolyte. This
means that application of a few volts can
produce a large amount of charge injection
and corresponding mechanical deforma-
tion of nanotubes, compared to the high
operating voltages (hundreds of volts)
needed to produce comparable actuator
strains for conventional high-modulus fer-
roelectric actuators. Since electrode inter-
calation and deintercalation are not
required (these are slow and only par-
tially reversible for conducting polymer

Figure 7. (a) Scanning electron microscopy (SEM) images showing a carbon nanotube
yarn being fabricated by simultaneously being drawn and twisted during spinning from a
vertically aligned multiwall nanotube (MWNT) forest. (b) Photograph showing a carbon
nanotube sheet being drawn from a nanotube forest and wrapped on a rotating mandrel.
(c) SEM images of single-ply MWNT yarn made by the process of (a) and two-ply, four-ply,
and knitted MWNT yarns made from such single-ply yarn. (a) and (c) are reprinted with
permission from Reference 121. ©2004, American Association for the Advancement of

Science.
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muscles), the carbon nanotube muscles
have advantages over conducting polymer
muscles in both actuation rate and device
lifetime. Madden et al.1%” demonstrated a
stroke rate of 19% s! and an instantaneous
power density of 270 W kg for a carefully
designed carbon nanotube muscle, which
exceeds the stroke rate and power density
of human skeletal muscle. Comparable
strain rates (12% s!) and power densities
(150 W kg) have been obtained for con-
ducting polymer artificial muscles.’”” The
highest strain rate observed for any artifi-
cial muscle is a spectacular 3.7 x 104% s
for carbon nanotube artificial muscles that
are capacitively driven by charge injection
in the absence of an electrolyte, which pro-
vide strokes above 220% and can operate
between at least the demonstrated 80 and
1900 K.130 However, these newest carbon
nanotube artificial muscles require the
application of kilovolts to achieve such
giant strains.

The performance of carbon nanotube
artificial muscles has dramatically
increased with improvement in the
mechanical properties of carbon nanotube
sheets and yarns. For the initially demon-
strated carbon nanotube actuators (which
used the then-available unoriented
filtration-produced nanotube sheets with
low modulus and strength), actuator
stroke (0.2%) was about the same as for
high modulus ferroelectric actuators, and
the generated isometric stress was only
~1 MPa.'™* Using more recently available
highly oriented carbon nanotube yarns
that have much higher modulus and
strength, this actuation stress was
increased to 26 MPa, which is nearly a
hundred times that of natural mus-
cle.107108126 This stress generation capabil-
ity (whose product with the muscle
cross-sectional area determines the maxi-
mum weight that an initially unloaded
muscle can lift) is still far below the ulti-
mate potential of carbon nanotube artifi-
cial muscles, which could be achieved by
increasing the modulus of carbon nan-
otube yarns to close to that of the individ-
ual carbon nanotubes. Using the ~0.2%
strain that is typically observed for carbon
nanotube yarns and sheets!® and a
640 GPa Young’s modulus,'% an isometric
stress generation capability potentially of
1.3 GPa (which is the product of the strain
and modulus) could be generated by
SWNT actuators, which is about 4000
times higher than that of natural muscle. If
the stroke of natural muscle is needed, this
0.2% strain must be amplified to about
20%, which will decrease the stress gener-
ation capability of the artificial muscle to
about a 40 times higher value than natural
muscle. However, these nanotube artifi-
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Figure 8. (a and b) Schematic illustrations of charge injection in carbon-nanotube-based
electromechanical actuators. Nanotubes or nanotube assemblies are submerged into an
electrolyte and form an electrochemical cell with the nanotubes as electrodes. Application
of a potential injects electronic charges of opposite signs in the two nanotube electrodes,
which is balanced by ionic charge near the surfaces of (a) single nanotubes and (b) a
nanotube bundle. Reprinted with permission from Reference 104. ©1999, American

Association for the Advancement of Science.

cial muscles are unlikely to replace natural
muscle in the human body. Even ignoring
possible safety issues, the stroke capabili-
ties of the described artificial muscles are
too low, and the complexities of amplify-
ing these strokes to match those of natural
muscles are too great.

The origin of the dimensional changes
that cause actuator stroke during double-
layer charge injection is complicated and
incompletely understood. Quantum chem-
ical effects are important at low degrees of
charge injection, and these effects are quite
different for nanotubes having different
(n, m) indices.’3132 When SWNT diameters
are small, the fractional change in length
and diameter resulting from charge injec-
tion oscillates greatly but predictably in
amplitude depending upon whether
|1n=m| deviates from a multiple of three by
0, 1, or 2. These oscillations can be under-
stood by the differences in the locations of
bonding and antibonding orbitals for the
different series, since addition of an elec-
tron causes bond lengths to contract or to
expand depending upon whether the
orbital is bonding or antibonding, respec-
tively. While the quantum mechanical con-
tribution to length expansion caused by
electron injection is maximized for nano-
tubes, where |1 — m| deviates from a mul-
tiple of 3 by 2, present SWNTs used for
actuation are not selected according to
nanotube type. This lack of optimization
degrades the actuation achieved for low
degrees of charge injection.

The quantum mechanical contribution
to actuation varies at low degrees of charge
injection as g, where g is the amount of
injected charge. At higher degrees of
charge injection, actuation is dominated by
electrostatic effects, which are approxi-
mately proportional to g2 The observed
quadratic contribution to actuation from

coulombic repulsion can be derived (by
approximating the electrode capacitance
as potential-independent and by approxi-
mating the fiber-direction Young’s modu-
lus (Y) as the appropriate effective
modulus) using the Lippmann equation:
dy/dV = —q,, which relates the charge per
unit surface area of the actuating material
(7,) to the derivative of surface energy (y)
with respect to the electrode potential (V).
The result is that the electrostatic contribu-
tion to change of length (L) of individual
nanofibers (individual nanotubes or nano-
tube bundles) is approximately

AL/L=1/22R/C, @

where R is the surface-to-volume ratio for
the nanofiber and C, is the capacitance per
electrochemically accessible surface area
of the nanotube electrode.

The existence of repulsion between
double layers on different nanotubes (or,
more usually, nanotube bundles) provides
an additional electrostatic effect that can
increase nanotube yarn or sheet actuation.
The resulting actuator stroke inversely
depends on the macroscopic stiffness
instead of the much larger nanoscale stiff-
ness of the individual nanotubes, which
can increase the magnitude of actuation
for low modulus nanotube assemblies.
Repulsion between double layers likely
explains the cantilever-based actuation
observed upon electrochemical double-
layer-charge-injection of sheet strip elec-
trodes comprising carbon nanotube forest
electrodes that had been transferred from
the Si growth substrate to a flexible gold
foil substrate.?

Fuel-powered carbon nanotube artifi-
cial muscles also operate electrochemi-
cally by double-layer-charge-injection
using fuels such as hydrogen, formic acid,
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or methanol. This time, the actuating car-
bon nanotube electrodes simultaneously
function as fuel cell electrodes to convert
chemical energy to electrical energy in the
form of stored charge, as supercapacitor
electrodes to store this charge, and as actu-
ators that convert changes in stored
charge to actuator stroke.!2113

The exploitation of charge-injection-
based carbon nanotubes for highly
reversible, high-cycle-life muscles requires
the elimination of a major problem—
irreversible plastic deformation occurring
under high load conditions, which
increases the strain obtained at a provided
electrode potential. The strain rate of this
plastic deformation, which depends on
electrode potential and the mechanical
load on the muscle, has recently been sub-
stantially decreased through the use of
solid-state fabricated twisted nanotube
yarns containing ~300-um long carbon
nanotubes.’® We expect that major
increases in nanotube length will elimi-
nate this problem by increasing inter-
nanotube stress transfer.

Actuator stroke for charge-injection-
based nanotube actuators can be
increased by decreasing the numbers of
nanotubes in a bundle, thereby increasing
electrode gravimetric capacitance and the
degree of charge injection for a given
applied potential (Figure 8a and 8b). Also,
the quantum mechanical contribution to
actuation can be increased through the use
of nanotube types that optimize charge-
induced nanotube expansion. Energy con-
version efficiency (presently below 1% for
nanotube yarns), force generation capabil-
ity, and power generation capability are
presently limited by imperfect coupling of
forces generated on the nanotube level to
provide yarn- or sheet-level forces that
enable external mechanical work. All of
these performance characteristics will
continue to improve as nanotube yarn
strength and modulus begin to approach
those of the component nanotubes.

Summary and Prospects

We have discussed three proven exam-
ples of nanomechanical actuation in artifi-
cial molecular systems, ranging from
single-molecule switches to supramolecu-
lar rotaxane motors to carbon nanotube-
based artificial muscles. These examples
illustrate a number of key advances in
exploring single molecules and nano-
scale architectures as building blocks for
fabrication of functional molecular-scale
machines. Understanding induced molec-
ular motion as a result of external stimuli
provides insight into the nanomechanical
properties of single molecules, supramole-
cular assemblies, and hierarchically

assembled structures. Combining this
understanding of molecular behavior with
advances in self- and directed assembly
techniques paves the way toward novel
nanomechanical machines. Ultimately,
the ability to integrate these molecular
machines functionally and to multiplex
them for macroscale work will facilitate the
development of multifunctional devices
that can mimic and potentially surpass the
complicated functions of natural systems.
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