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A nanomechanical device based on linear molecular motors
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An array of microcantilever beams, coated with a self-assembled monolayer of bistable,
redox-controllablg3]rotaxane molecules, undergoes controllable and reversible bending when it is
exposed to chemical oxidants and reductants. Conversely, beams that are coated with a redox-active
but mechanically inert control compound do not display the same bending. A series of control
experiments and rational assessments preclude the influence of heat, photothermal effects, and pH
variation as potential mechanisms of beam bending. Along with a simple calculation from a force
balance diagram, these observations support the hypothesis that the cumulative nanoscale
movements within surface-bound “molecular muscles” can be harnessed to perform larger-scale
mechanical work. €2004 American Institute of PhysiddOI: 10.1063/1.1826222

Nanoscale actuators, capable of converting chemical osults provide the impetus for the development of nanome-
electrical energy into mechanical motion, are needed for @hanical devices. In this letter, we describe the nanomechani-
wide range of applications. The bottom-up approach, whicttal response of microcantilever beams coated with a self-
employs atoms and molecules both as the fundamental buildissembled monolaygSAM) of artificial molecular motors
ing blocks and as the working units, is potentially capable offollowing the cycled addition of chemical redox reagents. A
delivering efficient operations at dramatically reduced scalesimple model that considers the mechanical movements of
compared with traditional microscale actuatbrsWhile a  each molecule within the SAM verifies chemomechanical
number of actuating materials have been develdp&they  transduction as a likely mechanism for cantilever bending.
rely primarily upon the response of a bulk substance devoigye also describe the results of a structure-function study
of moving components, and the theoretical descriptions ofonducted on a control compound along with a series of
their operation are still being developed. By contrast, simpleontrol experiments and rational assessments to account for a
molecular components in nature, e.g., myosin and actin ifyide range of alternative interaction mechanisifsThe
skeletal muscle, can be organized to perform complex Megata provide compelling evidence for chemomechanical
chanical tasks beginning at the nanometer scale but exransduction as a general mode of operation for the genera-
pressed in the macroscopic world. In this letter, we describgyn of force from surface-bound linear molecular motors.
an integrated approach that combines the bottom-up assem- Expanding upon a series of bistabjg]rotaxaned, a

bly of molecular functionality with the top-down manufac- bistable[3]rotaxaneR18* [Fig. 1(a)] was created as a “mo-
ture of architectures for the establishment of nano-chemol-ecular muscle®2 to mimic the contraction and extension

mechanical systems. movements of skeletal muscle. This design takes advantage

f Artlff|C|a! mOIeC;“aJ rg:achme? IS ar attLact:ﬁv;abme'ans tof well-established recognition chemisetryhat selectively
the nanoscale. Bistableiotaxanes hold particular promise POSIIONS the cyclobiparagua-phenyleng (CBPQT)
' P P ings around the two tetrathiafulvalen@TF) stations of

in this regard. They have been likened to linear molecular;'218+ as opposed fo the two naphthaleéP) stations

motors on account of their ring component’s ability to un- . A . ST
dergo controllable mechanical switching between two orChemlcal oxidation of the TTF stations to their dicationic

more recognition sites located along their linear dumbbelf®™ (TTF") drives the (_:BPQ‘T*.rmg_s to the NP stations.
portion€ in response to a chemical, electrochemical, or pho-' IS “power stroke” arises primarily from electrostatic
tochemical stimulu&.Recent investigations have establishedcharge—charge repulsion between the CBPQifgs and the
that bistable[2]rotaxanes maintain the same redox-drivenlTF- stations. Upon reduction of the two T¥Fstations
mechanical switching whether they are in solution,Pack to their neutral form, the inter-ring distance increases as
self-assembléd in condensed phases, or mourtesh solid ~ the CBPQT* rings return to the TTF stations by means of a
substrates. Since most mechanical devices rely upon soliiermally activated “diffusive stroke.” Thus, the cycle of

supports for the transmission of actuation forces, these recontraction and extension withiR1%* mimics the motion
which takes place inside natural muscle fibers. The incorpo-

ration of a disulfide tether onto each CBP®Ting compo-

3Authors to whom correspondence should be addressed.

PElectronic mail: chihming@seas.ucla.edu nent provides an anchoring point by which tff8jrotaxane
®Electronic mail: stoddart@chem.ucla.edu can be attached to a gold surface as a SAM.
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Red Wavelength (nm) FIG. 2. (Color) Free-body diagrams showin@) the contractive forcd~
—®— —@— exerted byR1?* within a single functional unit of the beam along with the
" g' '} g' associated upward bending momémtand (b) the bending momeritl ..,
@Eﬂ C{m}l—\oﬂg @) Lf T @R in;i]_‘o"o’_‘ogQ for the entire cantilever beam that produces an out-of-plane displacement
'—.—' =~@)=—@
Q) @ L)Q O} the beaniFig. 2(a@)]. Oxidation produces a contraction of the
i@—' '—@: inter-ring distance and correspondingly exerts a fdfqaus

a bending momeni upon the beam. Only the sections of
) o'_‘o'_\o'_E:H:a_\o'—‘o'_\:-' t ono'_\o‘_ﬁ:”:}-\uﬁaﬁozg@m the beam between the two moving rings will be subjected to
: &-=0=9 ' the action of the bending momeNtt, while the other sections
|E| : have a zero bending moment. The out-of-plane displacement
w of a cantilever bearfFig. 2b)] is governed by the Euler—

FIG. 1. (Color) (a) Molecular structures angh) UV/visible absorption spec-  Bernoulli Beam equation,

tra of the extended and contract@JrotaxaneR18* andR2%*. (c) Molecu-

lar structure of the disulfide-tethered dumbbell compoDnd My an
_ ea

2EI @

The chemical switching of a simplified derivativ2®*
and its cycle of contraction and extension in solutionin which Mpeamis the moment on the bearh, is the total
(MeCN) was confirmed by UV/visible spectroscopy. Its start-length of the cantilever beank, is the Young's modulus of
ing state is identifiedFig. 1(a), curve § by an absorption the cantilever, and is the area moment of inertia of the
band at 840 nm that ariserom the charge—transfglCT)  beam’s cross section. The parameéy,,,can be obtained
interaction between the TTF stations and the CBPQifigs. by assuming that the force generatet) pN) by a single
Addition of four equivalents of the oxidant FlO,); caused ~moleculé® is solely due to electrostatic effects,e=80),
the appearance of a new band at 510 nm, charactefiiitic  the SAM covers 100% of the gold surface, and the molecules
1(a), curve § of the CT transitiofl between the NP stations are idealized as randomly oriented noninteracting rigid rods.
and the CBPQT" rings, confirming the movement of both Based on this simplified model, the force generated by the
CBPQT* rings from the TTF stations to the NP stations. “molecular muscle” can act against the spring-like restoring
Introduction of four equivalents of aqueous ascorbic acid agorce of a cantilever bearf600x 100X 1 um) to produce a
a reductant led to the restoratipRig. 1(a), curve ¢ of the  theoretical beam displacementof 48 nm?®3
original spectrum. This chemomechanical design was tested with a gold-

The reversible switching dR28* in solution provides a coated silicon cantilever array that was coated with a SAM
model for its mechanical motion when it is attached to aof R18* [Fig. 3@)] and placed in a transparent fluid cell. The
surface. The persistence of switching in the md@lotax-  position of each cantilever beam was monitored by an optical
anes on solid substraf8s' supports our expectation that lever on a Digital Instruments Scentris™ platform while
oxidation of R18* will generate a tensile stress upon a goldaqueous FE€IO,); (oxidany and ascorbic acidreductant
surface through the contractive action of its two disulfide-solutions were sequentially introduced into the fluid cell. Ad-
tethered CBPQT rings. If the substrate is sufficiently thin dition of the oxidant solution caused the cantilever beams to
and flexible, such as a long cantilever beam, the cumulativeend upward by ~35 nm to an apparent saturation point
effect of each individual “molecular muscle” will produce an [Fig. 3b), top series of tracgsEntry of the reductant solu-
upward mechanical bending of the beam. Correspondinglytion caused the beams to bend back downward to their start-
reduction of the oxidized and contract®dl*?* will return  ing positions. This behavior was observed for all four canti-
the CBPQT"* rings to the TTF stations and consequentlylever beams for 25 cyclgshe first three complete cycles are
relieve the stress upon the beam, resulting in a downwardhown herg The slight attenuation in beam deflection fol-
motion and a return to the beam’s equilibrium position. lowing each cycle is attributed to a gradual chemical and/or

A single beam’s deflection upon contraction of the “mo- physical passivatiolﬁ of the SAM. Nevertheless, the move-
lecular muscle” was analyzedee EPAPS Ref. 33dusing a ment of the cantilever beams is directly correlated with the

simple model for thg3]rotaxaneR18* bound to a section of c?/cling of the oxidant and reductant solutions and the experi-
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(a) lever, the deflection of the beams coated with a SANRaF*
is consistent with our chemomechanical transduction hypoth-
esis. This result suggests that the cumulative effect of indi-
vidual molecular-scale motions within the disulfide-tethered
[3]rotaxane molecules, even when randomly aligned, can be
(%) harnessed to perform larger-scale mechanical work.

In summary, a hybrid top-down/bottom-up approach has

Oxidation
0—!—-—0—-—?—0 —_— : been employed to create a molecular machine-based actuator
: - that displays reversible bending through the cycled addition

8+ i 12+ . . . .
Extended R1 Ri‘é‘;}'}o” Contracted R1 of aqueous oxidant and reductant solutions. The bending is
(b) assigned to the same chemically driven mechanical contrac-
Ox Red Ox Red Ox Red tion and extension of the inter-ring distance observed in a
W] iy : : : model bistable redox-controllablg8]rotaxane in solution.
[y AR ; e —_— This phenomenological correlation is supported by control

i bending experiments and a theoretical model that accounts for the

B
£
=
(=}
= -104 .
g bending based on the force produced by surface-bound,
= .
3-20-_ : : s : bistable, redox-controllablg8]rotaxane molecules. Although
£ 304 ; — challenges remain, including the development of direct elec-
H : war - . . . . .
%_40 Cariorer 1 bé’nd?ng trical or optical stimulation, the technological foundation for
P i i Canlilever 2 the production of a class of multiscale nanomechanical de-
O Canlilever 3 . . .
50—k Cantilever 4 ﬂ vices ultimately to be based upon optimized molecular me-
o0 compound O ol 63 tm chanical motions appears to have been laid.
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