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Preface

This book is the fifth volume of the Springer Series “Advances in Atom and Single
Molecule Machines”. It compiles a selection of contributions presented during the
international symposium “Single Molecular Machines and Motors” organized at
CEMES-CNRS in Toulouse (France) during 19-20 June 2013. It was the first
symposium of the kind, involving a large number of laboratories from academics to
high-tech companies from all around the world working on that particularly original
aspect of single molecular machines and motors.

The fields of molecular machines are currently very active because of their long-
term potential. The expected advantages of these bottom-up approaches are now
well known: ultimate size, possibility to design finely-tuned molecular devices and
their low energy consumption. In the constant quest for the miniaturization of
machines and functional molecular devices, single molecules are expected to play a
major role since multistep chemical synthesis allows chemists to prepare tailor-
made compounds with predetermined shape, movement or functions. This has
stimulated the design and synthesis of a variety of compounds that resemble
macroscopic machinery. However, the ultimate miniaturization of mechanical
devices is reached only when addressing one single molecule and not a population
of molecules in solution or on a surface. Artificial nanomachines have emerged as a
new multidisciplinary field combining analytical techniques such as near-field
microscopy, which allows to image a single molecule with intramolecular contrast,
to study its motions and to manipulate it, but also multistep organic synthesis and
theoretical chemistry to name a few. The molecule-surface symbiosis enables us to
study how to guide and trigger complex molecular motions.

This symposium brought together researchers working on different strategies to
synthesize and study single molecules displaying original mechanical properties at
the nanometre and at the atomic scale. The main goal was to gather scientists from
different communities (physics, chemistry and theory) in order to steer discussions
and gather the main challenges using different techniques and approaches involved
in the most recent developments in all aspects of this field but also to foster young
Ph.D. and post-docs researchers towards this multidisciplinary approach.



vi Preface

We are happy to thank our sponsors for the first edition of this symposium:
CNRS, Omicron, Région Midi-Pyrénées, Labex NEXT, the French embassy in the
USA and the Université Paul Sabatier. In addition, Springer Verlag and its staff
members are also deeply thanked for the publication of this book. The organizing
committee also wishes to thank all the participants for their active participation in
the symposium.

For the organizing committee
Christian Joachim
Gwénaél Rapenne
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Single-Molecule Measurements
of Synthetic Molecular Machines at Work

Anne-Sophie Duwez

Abstract Molecular motors are ubiquitous in nature and are essential in controlling
and performing numerous biological functions. They are able to rectify random
motion to generate directional force and carry out macroscopic tasks (Schliwa in
Molecular motors. Wiley-VCH, Weinheim, 2003 [1]). This ability has inspired
attempts to create synthetic machines exhibiting control over rotary or linear motion
(Kinbara and Aida in Chem Rev 105:1377-1400, 2005 [2], Kay et al. in Angew
Chem Int Ed 46:72-191, 2007 [3]). Whereas some examples of synthetic systems
able to use biased Brownian motion to perform work and collectively induce
movement of much larger objects have been reported (Kay et al. in Angew Chem
Int Ed 46:72-191, 2007 [3], Browne and Feringa in Nat Nanotech 1:25-35, 2006
[4], Berna et al. in Nat Mater 4:704-710, 2005 [5]), seeing such a single molecule at
work remains a major challenge. Some elegant experiments on single-molecule
machines adsorbed on a surface, imaged and manipulated with the tip of a scanning
tunnelling microscope have been realized (Grill et al. in Nat Nanotech 2:95-98,
2007 [6], Manzano et al. in Nat Mater 8:576-579, 2009 [7]). However, in this case,
the molecule is adsorbed on the surface, and the experiments are done in ultra-high
vacuum at low temperature, which can be a limitation for systems designed to
perform work in solution at room temperature or even in physiological conditions.
Here, we discuss how a single synthetic small machine at work can be addressed by
AFM-based single-molecule force spectroscopy, a tool able to monitor mechanical
forces with sub-nanometer resolution and which has been widely used to investigate
molecular-level processes in macromolecules and biological machines (Bustamante
et al. in Annu Rev Biochem 73:705-748, 2004 [8], Special Issue in Annu Rev
Biochem 77:45-228, 2008 [9], Evans in Annu Rev Biophys Biomol Struct 30:105—
128, 2001 [10], Liang and Fernandez in ACS Nano 3:1628-1645, 2009 [11],
Puchner and Gaub in Curr Opin Struct Biol 19:605-614, 2009 [12]).

A.-S. Duwez (D)
Department of Chemistry, University of Liege, 4000 Liege, Belgium

© Springer International Publishing Switzerland 2015 1
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1 Introduction

Molecular biological machines have inspired chemists who have, for some years
now, been synthesizing systems capable of mimicking the natural world by pro-
ducing a mechanical work that can manifest itself at the microscopic or macro-
scopic scale, such as the transport of a droplet up an inclined surface against gravity
[5], the rotation of sub-millimetric objects on a substrate [13], or the deflection of a
microcantilever [14]. Rotaxanes are prototypical synthetic molecular machine
systems. They are made of a molecular ring threaded onto a molecular axle. The
thread bears one or more recognition sites called stations, onto which the ring can
bind through intramolecular bonds according to its affinities. The chemical envi-
ronment also forces the ring to preferentially remain on one of the stations where it
can make the strongest bonds. This site is thermodynamically favoured. Rotaxanes
can behave as molecular shuttles: The ring can be translocated from one binding
site on the thread to the other one through biased Brownian motion in response to
an external trigger [3].

The collective dynamics of such systems have been studied with increasing
structural sensitivity and temporal precision [15, 16]. In contrast, much of the
exquisite and detailed information about how biomolecular machines operate has
been gleaned from direct measurements made on single molecules with manipu-
lation techniques such as optical tweezers or force clamp atomic force microscopy
(AFM). Such measurements have shown that single biological machines are able to
generate force against loads of 5-60 pN and have highlighted many details about
their mechanical properties [8, 9]. AFM-based single-molecule force spectroscopy
is a tool able to monitor mechanical forces with sub-nanometer resolution and has
been widely used to investigate molecular-level processes [8—12]. For more than a
decade, it has been used to probe individual (bio)molecules, providing unprece-
dented insights into their structure and function. For example, proteins, DNA,
polysaccharides, supramolecular polymers, and polyelectrolytes have been inves-
tigated in their native environment, revealing details about the strength of inter- and
intramolecular interactions, folding and unfolding pathways, mechanics, confor-
mational changes, reactivity, and kinetics. However, few SMFS investigations have
been successively realized on interlocked molecules [17] such as catenanes and
rotaxanes [18, 19], whose large amplitude dynamics and conformational changes
make them prototypical structural elements of synthetic molecular machines. The
rarity of such studies comes from the difficulty of developing proper tools and
preparing appropriate molecules that can be interfaced with single-molecule force
spectroscopy techniques, especially when one wants to probe sub-molecular
motions. Implementing single-molecule force spectroscopy on smaller molecules
remains a major challenge.

In Sect. 2, we shall discuss two examples of synthetic polymers used to convert
energy into mechanical work during single-molecule reversible cycles probed by
AFM. Due to their size, macromolecules can be easily interfaced with and then
probed by AFM-based single-molecule force spectroscopy. On the contrary, small
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molecules are much more difficult to interface with the AFM without hindering
their function. The very small changes produced (sub-molecular movements and
force generated) are also much more difficult to detect. In Sect. 3, we shall discuss
two examples of rotaxanes investigated in an irreversible rupture process
(de-threading) on one hand and in reversible cycles that allow the direct mea-
surement of the force generated and the work produced on the other hand.

2 Synthetic Polymers

2.1 Polyazobenzene Peptide

The first example of a single-molecule operating cycle in which a polymer was
shown to contract against an external force acting along the polymer backbone, thus
delivering mechanical work, was reported by Gaub and co-workers [20].

Azobenzene units are well-known chromophores that can be reversibly switched
at two different wavelengths between an extended trans- and a shorter cis-config-
uration. The authors show that polyazopeptide chains can be reversibly shortened
against an external force by photochemical switching between trans- and cis-azo-
benzene isomeric configurations. The azobenzene units were introduced into a
polypeptide backbone (Fig. la). To ensure stable attachment, the polymer end
groups were covalently coupled to both the AFM tip and a supporting glass slide by
heterobifunctional chemistry.

First, the polymer was measured in its initial configurationally mixed state. The
force curve was recorded. Then, five pulses at A = 420 nm were applied that drove the
polymer into the saturated trans-state. The polymer was stretched and the force was
measured, revealing a marked lengthening of the polymer. The polymer was relaxed
again, and five pulses of 1 = 365 nm were applied to drive the polymer into the
saturated cis-state. As a result, the polymer exhibited marked shortening. The mea-
surements also show that switching is possible even against an external force. Only at
forces above 500 pN, the authors did not observe the optical trans—cis isomerization
reaction. These experiments show that it is possible to handle and manipulate an
individual polyazopeptide, mechanically measure its length and its compliance,
optically excite this polymer and pump it into a predominantly cis- or predominantly
trans-state, and finally detect this transition mechanically. As closed cycles can be
repeated several times before the polymer or its attachment ruptures, optomechanical
cycles, in which the polymer chain converts optical excitation into mechanical work,
could be realized (Fig. 1b). An individual polyazobenzene peptide was first length-
ened by five pulses with 4 = 420 nm at a force of 80 pN (I) and then expanded
mechanically to a restoring force of 200 pN (II). Then, five pulses at 4 = 365 nm were
applied, resulting in a contraction of the polymer against the external force (III). Then,
the force on the polymer was reduced to 85 pN (IV). Finally, the cycle was completed
by applying five pulses at A = 420 nm, resulting in an optical expansion of the
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Fig. 1 a Chemical structure of the polyazobenzene peptide. b Principle of the optomechanical
cycle. Force—extension cycle starts at point I on the force—distance curve of the long polymer
configuration, at which the polymer is in its extended configuration. When an external load is
applied to the polymer, it will follow the force—distance curve of the extended polymer
configuration up to point II, where the system is switched back to its short configuration, point III,
by an external stimulus (here, light). The removal of the load results in (reversible) relaxation of
the polymer, which brings the system to point IV. From there, it is switched back to the starting
point of the cycle by another external stimulus. The work output of the system is the mechanical
energy related to the contraction L = N x Al of the polymer against the external load. The external
input needed to perform this mechanical work is the energy of the external stimulus (plus the
energy needed to apply the load). As for any thermodynamic cycle, the efficiency of energy
conversion can then be defined by the ratio W,,/W;,. Adapted from [20]

molecule to its original length. From the cycle, it is possible to estimate the quantum
efficiency of the trans—cis switching process. The mechanical work performed by the
azobenzene polymer chain upon its transition from II to III is simply given as
W= AL % Fy_qp, that is about 4.5 x 1072° J. If it is assumed that each switching of a
single azobenzene unit is initiated by a single photon carrying an energy of
5.5 x 107" J (1 = 365 nm), the efficiency is estimated at 10 %.

2.2 Poly(ferrocenylsilane)

Vancso and co-workers investigated stimulus-responsive poly(ferrocenylsilane)
(PFS) polymers as a model system for the realization of single-molecule closed
cycles powered by an electrochemical redox process [21].
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Fig. 2 Stretching of single stimulus-responsive ethylene sulfide end-capped PFS (PFS100) chains
by electrochemical AFM-based single-molecule force spectroscopy. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission from [21]

They realized closed electromechanical cycles by addressing single polymer
chain by an AFM tip and the stretching and relaxing of the molecule in situ under
different applied electrochemical potentials (Fig. 2). They made a quantitative
analysis of the efficiency of the closed cycles as a function of extension of the
molecule. The experiments were conducted such that the AFM tip was repeatedly
approached very close to the substrate surface and retracted to a distance of 80 nm
from the substrate. If a PFS chain was indeed fished by the tip by simple physi-
sorption, a restoring force was detected upon retraction. The single-chain elasticity
of such a bridging chain was subsequently probed, typically up to five times before
desorption, in consecutive force—extension curves. Individual PFS chains kept in an
extended state between the AFM tip and the surface were electrochemically oxi-
dized at constant z position by applying a potential of +0.5 V followed by
deflection—displacement measurements under constant potential. The complete
oxidation of the PFS chains was verified by the cyclic voltammetry data captured
in situ. Similarly, single chain was stretched in the oxidized state, followed by
electrochemical reduction at constant z position and continued force spectroscopy.
In the experiments, it was observed that the force at fixed maximum extension
decreased upon oxidation and increased upon reduction to the neutral state. This
observation is related to the lengthening of the oxidized chain with respect to the
neutral chain which can be attributed to the electrostatic repulsion among the
oxidized ferrocene units along the chain Thus, the change in the redox states is
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cycle 1 cycle 2
2
400 400+
| | I ?
: 3 4
FIpN 200 neutral PFS, £l DNZOU neutral PFS,,, 3
A "
0d 1,17 e e oxidized PFS, 04 14 oxidized PFS,
0 50 100 0 50 100
e/ nm — elnm —

Fig. 3 Force—extension curves of cycle 1 and cycle 2. The enclosed areas of the cycles correspond
to the mechanical work input or output of the single-polymer-chain mechanoelectrochemical cycle.
Adapted from [21]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission

directly coupled to a mechanical output signal of the force sensor. The two data sets
in Fig. 3 display the entire mechanoelectrochemical cycle for two individual
molecules in both possible directions (from neutral to oxidized state and from
oxidized to neutral state). As the two chains possess, within experimental error, the
same length at a force value of 200 pN when they are neutral, the data can be
directly compared. The areas enclosed between the corresponding curves for the
oxidized and reduced PFS100 macromolecules in cycles 1 and 2 correspond to the
work input (W;,) and work output (W,,,) of the electromechanical cycles, respec-
tively. Since all the electrochemical parameters are known, as well as the number of
transferred charges during the oxidation/reduction processes, the efficiency of the
single-molecule electromechanical cycle could be estimated. For cycle 1, the work
was estimated at 2.2 x 10~ '® J for an extension from 40 to 68 nm, while for cycle 2,
it was 0.7 x 107'® J for an extension from 40 to 66 nm. The corresponding
efficiencies of cycles 1 and 2 can be estimated at 26 and 8 %, respectively. The
difference in the values originates from the variable maximum extension of the
chain as a consequence of the variable maximum forces applied in the experiments.
It is important to note that the efficiency values obtained from cycles 1 and 2 are
calculated by assuming ideal conditions of energy input, that is, no dissipative
processes take place, which may lead to an overestimation of these values.

3 Rotaxanes

3.1 Estimation of the Energy Produced
by a Redox-Controllable Rotaxane

Stoddart and co-workers have pulled the molecular ring over the bulky end groups
of a redox-active rotaxane with an AFM tip [18]. They compared the large forces
required to de-thread oxidized and unoxidized molecules.
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Fig. 4 Chemical structure and schematic representation of bistable [2]ro-taxane R**, in which an
electron-poor cyclobis(paraquat-p-phenylene) (CB-PQT4*") ring is confined to an axis containing
two electron-rich recognition sites, tetrathiafulvalene (77F) and 1,5-dioxynaphthalene (DNP), by
the presence of bulky 2,6-diisopropylphenyl ether stoppers at each end. One of these stoppers, the
one closer to DNP, carries a hydroxymethyl group on its 4th position for subsequent attachment to
silicon wafers. a The CBPQT™*" ring, which carries a very short tether terminated by a thioctic acid
ester for attachment to a gold-coated AFM tip, displays a stronger interaction with TTF than with
DNP and thus resides selectively on the former. b Chemical oxidation of TTF to TTF** results in a
strong charge—charge repulsion between the CBPQT* ring and TTEF**, a situation that causes the
CBPQT*" ring to shuttle to DNP in the oxidized [2]rotaxane R®*. Copyright 2006 National
Academy of Sciences, USA. Reproduced with permission from [18]

They have used the switchable, bistable [2]rotaxane R*" shown in Fig. 4, which
can function by the redox-controlled mechanical shuttling of the ring along its axis.
The molecule was specifically designed with a short thioctic acid linker tethered to
the ring for tight attachment to a gold AFM tip and with a hydroxymethyl group on
one of the stoppers for attachment to SiO, via covalently bound monolayers of
isocyanatopropyl linkers. They used AFM force spectroscopy to probe the steric
and electrostatic interactions present in the ground (Fig. 4a) and oxidized (Fig. 4b)
states of R**. Control AFM measurements consist in probing molecules to measure
the repulsive steric interactions (Fig. 5a) between the cyclobis(paraquat-p-pheny-
lene) (CBPQT*") ring and the diisopropylphenyl ether stopper. The probing of the
R®" molecules in an oxidizing solution was used to measure the repulsive force
(Fig. 5b) between the CBPQT*" ring and an oxidized tetrathiafulvalene (TTF**),
which is responsible for molecular actuation. On the basis of the differences in the
force required to pass the ring over the stopper in presence and absence of the Fe
(ClOy4); oxidizing agent, they made an estimation of the repulsive electrostatic
barrier, which is ultimately responsible for the molecule’s actuation.
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Fig. 5 Schematics of the AFM force spectroscopy experiment on the [2]rotaxane R**. a Ground-
state probing in the absence of oxidant. (i) [2]Rotaxane R** confined to a silicon surface and attached
to a gold AFM tip via two gold—sulfur bonds. (i) Retraction of the AFM tip from the surface pulls the
CBPQT* ring away from the TTF unit and toward the bulky stopper. (iii) Continued retraction
causes the CBPQT* ring to pass over the stopper at which point the rupture force required to
overcome this physical barrier is measured. b Oxidized-state probing performed in the presence of
107*M Fe(ClO,); in EtOH. (iv) The attachment of a gold AFM tip to [2]rotaxane R®* whose ring is
now located on the lower DNP unit as a result of the chemically induced oxidation of the TTF unit to
TTF>* and subsequent electrostatic repulsion of CBPQT**. (v) Retraction of the AFM tip forces the
CBPQT* ring toward the TTF** despite the electrostatic repulsion between the two moieties. (vi)
Continued retraction of the AFM tip enables the CBPQT* ring to overcome the electrostatic barrier
imposed by TTF**, resulting in rupture of the mechanical bond posed by the stopper. When
measuring the higher energy electrostatic repulsion of the oxidized molecule, the subsequent de-
threading event is not measured because of the dynamic instability of the AFM probe. Copyright
2006 National Academy of Sciences, U.S.A. Reproduced with permission from [18]

By using the measured force spectroscopy values of 66 pN for the de-threading
barrier under non-oxidative conditions and 145 pN for the oxidant-induced elec-
trostatic repulsion barrier, along with the distance of 8.6 A of the energy barrier
produced from molecular simulations for the de-threading of the CBPQT** ring
over the bulky stopper and 13.0 A as the distance necessary for the CBPQT*" ring
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to travel from the DNP recognition site to the TTF>* dication, the difference in
interaction energies can be calculated as 19 kcal mol™'. By combining the
19 kcal mol ™" difference in oxidative and non-oxidative interaction energies with
the theoretically determined value of 46 kcal mol™" for the energy associated with
ground-state de-threading, a final value of 65 kcal mol™" was obtained, representing
the amount of repulsive actuation energy between CBPQT*" and TTF>* produced
by the oxidation of R**. As estimated by this approach, 65 kcal mol ™' represents the
upper limit of the total actuation energy.

Unfortunately, the irreversible rupture of molecules due to the de-threading
required by this experiment prohibits the realization of a relaxing step to complete
the cycle required to directly probe the mechanical forces generated against an
external load and to verify the estimation of 65 kcal mol .

Furthermore, this experiment did not allow detection of the breaking and making
of the intercomponent interactions involved in ring movement along the axle.

3.2 Direct Measurement of the Force Generated
by a H-bonded Rotaxane

Recently, in collaboration with David Leigh, University of Manchester, we suc-
ceeded in detecting sub-molecular movements in a H-bonded rotaxane and in
measuring the force generated by this molecule against a load [19].

We have designed a hydrogen-bonded rotaxane-based molecular shuttle with a
tether attached to the ring to track its motion by an AFM cantilever (Fig. 6). The [2]
rotaxane consists of a ring mechanically locked onto a thread by two bulky groups
situated at either end of the axle (Fig. 7). The thread bears both fumaramide and
succinic amide—ester sites, each of which can bind to the macrocycle through up to
four intercomponent hydrogen bonds [22]. The ring predominantly resides over one
of the two sites, the occupancy ratio being higher than 95:5. A poly(ethylene oxide)
(PEO) chain, suitable for binding to an AFM tip, was attached to the macrocycle by
a Cu(I)-catalyzed azide—alkyne cycloaddition (CuAAC) ‘click’ reaction in collab-
oration with C.-A. Fustin, Université catholique de Louvain. Close to the fumar-
amide binding site, a disulfide group was introduced to enable the grafting of the
rotaxane onto a gold surface. The rotaxane—tether molecules were grafted onto
gold/mica substrates in a dilute distribution (isolated molecules).

We used the cantilever of an AFM microscope to catch the tether, then apply a
mechanical load to the ring of the rotaxane, and follow its movement. The caught
molecules were stretched in a controlled manner by moving the tip away from the
substrate at a fixed pulling rate, and the force—extension profiles were measured
(Fig. 8). If the force exerted on the tether is higher than the force of the hydrogen
bonds that bind the ring to its preferred site, the ring detaches from its station. It is
then pulled along the axle, away from its most stable binding site. Figure 8a shows
a high-resolution force—extension curve, and Fig. 8b shows our interpretation of
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Fig. 6 Single-molecule force ,T\
spectroscopy of the rotaxane.

The rotaxane is grafted onto
gold, and the PEO tether is
caught by the AFM tip and
stretched by moving the tip
away from the surface.
Adapted from [19]

events taking place when pulling on the rotaxane—PEO molecule that could explain
the observed force profile. The progressive stretching of the PEO tether gives the
characteristic parabolic profile (I) of a random coil, which loses entropy on
stretching, inducing a restoring force. Once the force exerted on the tether exceeds
the strength of the hydrogen bonds between the macrocycle and the fumaramide
group, the hydrogen bonds break (II). The macrocycle is now free to move along
the thread up to the succinic amide—ester site, the tension in the PEO backbone is
reduced, and the force decreases (III) until the displacement of the cantilever again
increases the tension in the PEO tether. Further cantilever displacement continues
the stretching of the PEO until the force exceeds the interaction strength of the
chain with the tip, which leads to detachment (IV). The peak characteristic of the
rupture of the hydrogen bonds appears at 27 + 8 pN in dimethylformamide and at
45 £ 10 pN in tetrachloroethane (TCE). This difference is consistent with the
relative strengths of solute—solute hydrogen bonding in the two solvents [23], in-
tercomponent hydrogen bonds being stronger in TCE, the less polar solvent. To
further support the hypothesis that this peak is the signature of the breaking of the
intercomponent hydrogen bonds, we fitted the pulling profiles using entropic
elasticity models, such as the worm-like chain model that predicts the relationship
between the extension of a linear polymer and the entropic restoring force. The
force curves could be fitted using a persistence length of 0.35 + 0.05 nm, close to
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Fig. 7 Chemical structure of the rotaxane molecule, synthesized by the group of D.A. Leigh,
University of Manchester. The rotaxane consists of a benzylic amide molecular ring (in blue)
mechanically locked onto an axle by bulky diphenylethyl ester groups situated at either end. The
axle bears a fumaramide group (in green) and a succinic amide—ester group (in orange), either of
which can act as a binding site for the ring through up to four intercomponent hydrogen bonds.
The affinity of the ring for the fumaramide site is much higher than for the succinic amide—ester
site, so that the fumaramide/succinic amide—ester occupancy ratio is higher than 95:5. Next to the
fumaramide binding site, a disulfide group (in red) was introduced to enable the grafting of the
molecule onto gold substrates. A 4600 M,, PEO tether (in blue) is attached to the ring in order to
link the molecule to the AFM probe and track the motion of the ring along the axle

the theoretical persistence length of PEO (0.37 nm). The fits of the profile before
and after the rupture peak give the increase in length (AL.) of the molecule after
rupture of the intercomponent hydrogen bonds. The average AL. obtained,
3.9 + 0.5 nm, is consistent with the theoretical length of the fully extended thread
between the two binding sites, about 4.5 nm, providing further evidence that the
small peak is due to the rupture of the interactions between the macrocycle and the
fumaramide binding site.

Pulling—relaxing cycles were also recorded (Fig. 9a), and we observed that while
relaxing the tension in the PEO tether, the force suddenly increased. An increase of
tension while decreasing the tip—surface distance can be explained by the appear-
ance of force acting on the tether at the other end (Fig. 9b). This means that the
macrocycle has travelled back from the succinic amide—ester site to the fumaramide
site and that it is able to generate force when rebinding against the external load
exerted by the cantilever. It means that if we trap the ring and then slightly decrease
the force on the tether while maintaining the pulling, the ring is capable of pulling
more strongly to recover its preferred position. Figure 9c shows that in TCE, the
macrocycle is able to travel back against an external load of 30 pN. The mechanical
work produced by this sub-molecular motion is about 6 kcal mol ™.
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Fig. 8 a High-resolution force—extension curve for the rotaxane—PEO molecule in TCE with
worm-like chain model fits to the data (thin solid lines) with an increase in length (AL.) of the
molecule after rupture of the hydrogen bonds of 3.9 nm. b Interpretation of the sequence of events
taking place when pulling on the rotaxane—PEO. Black arrows show the direction of cantilever
displacement. Blue arrows show the direction of the force exerted on the molecular ring.
(I) Progressive stretching of the PEO tether. (1I) Once the force exerted on the tether exceeds the
force of the hydrogen bonds between the ring and the fumaramide site, the hydrogen bonds break.
(IIl) After rupture, the ring is free to move along the thread, the tension in the PEO backbone is
partly released, and the force decreases until the displacement of the cantilever increases again the
tension in the PEO tether. (IV) Further cantilever displacement continues the stretching of PEO
until the force exceeds the interaction strength of the chain with the tip, which leads to detachment.
Adapted from [19]

For the first time, a quantitative measurement of the work done by a single
synthetic molecule less than 5 nm long has been achieved. It shows that the biased
Brownian motions caused by thermal energy can be harnessed within a single
synthetic small molecule, to generate significant directional forces of similar
magnitude to those generated by natural molecular machines, which are a lot
bigger.

The study of systems at the single molecule level has considerable importance
on a fundamental level. Indeed, the laws of physics and chemistry which govern the
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Fig. 9 Pulling—relaxing cycles for the rotaxane—PEO molecule. a Pulling (blue) and relaxing (red)
curves for a single rotaxane—-PEO molecule in TCE. The relaxing trace is offset vertically for clarity.
b Schematic of the relaxing experiment showing our interpretation of events. Black arrows show
the direction of cantilever displacement. Blue arrows show the direction of the force exerted on the
ring. (/) Progressive release of the tension in the PEO tether. (1I) The force suddenly increases as a
result of the ring shuttling in the opposite direction (red arrow) to the force exerted on it (blue
arrow). (III) The ring has rebound to the fumaramide site. ¢ Relaxing curve (data as in a) with the
area under the trace representing the work done by the molecule as the ring shuttles back to its
preferred binding site. Adapted from [19]

macroscopic world are no longer necessarily valid at the molecular level. The
principles of thermodynamics describe processes of energy exchange (work and
heat) of macroscopic systems with their environment. In a general way, in mac-
roscopic systems, the average behavior is reproducible and the fluctuations are of
little importance. When the dimensions of the system become nanoscopic, the
fluctuations can give rise to significant deviations with regard to the average
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behavior. An individual molecule can, for example, extract energy (which comes
from thermal energy) from its environment to perform a mechanical work higher
than the energy available in the molecule. This is inconceivable for a set of billions
of molecules because they all have to do it at the same time, which is statistically
impossible. Thus, well-known concepts of physics and chemistry must be redefined
or improved in order to reconcile the nanoscopic and macroscopic worlds. It is from
this perspective that for several years, theoretical physicists have established fluc-
tuation theorems. These theorems reconcile what we observe on a large scale and
for a large number of molecules in equilibrium with the data obtained for a single
molecule (or a small number of molecules) in non-equilibrium conditions. For the
first time, we have shown that it is possible to apply modern theories of non-
equilibrium statistical mechanics to AFM force measurements.

For a reversible process, the mechanical work equals the Gibbs free energy
change of the process, but the distribution of work trajectories typically results in
hysteresis because of the fluctuations.

Recent developments in non-equilibrium statistical mechanics enable recovery
of the reversible work, and thus the zero-force free energy, from the distribution of
work trajectories in pulling-relaxing cycles.

Fluctuation theorems relate the equilibrium free-energy change AG to non-
equilibrium measurements of the work done on a single molecule. The Crooks
fluctuation theorem [24] relates AG to the probability distributions of the non-
equilibrium work measured during the forward and reverse changes that occur
when a system is driven away from thermal equilibrium by the action of an external
perturbation. It enables us to quantify the amount of hysteresis observed in the
values of the irreversible work done during a rupture and rebinding process. The
CFT predicts that (Py/Pwg) = exp(W — AG)/kgT) where AG is the free-energy
change between the final and the initial states and thus equals to the reversible work
associated with this process. Py is the probability distribution of the values of the
work during the rupture process, and Py corresponds to the reverse process.
The CFT states that although the probability distribution of the work performed on
the molecule during the rupture process and the work done by the molecule during
the rebinding process depend on the pulling protocol, their ratio depends only on
the equilibrium free-energy difference, AG. Thus, the value of AG can be deter-
mined once the two distributions are known, regardless of the pulling speed [25].

We used the Crooks fluctuation theorem to estimate the free energy driving the
macrocycle to bind to the fumaramide binding site at zero force. The work done on/
by the molecules during pulling/relaxing is given by the areas below the corre-
sponding force—extension curves (gray area Fig. 9c). The contribution arising from
the entropy loss due to the stretching of the PEO was obtained by integration of the
worm-like chains reference curves and subtracted from the total work values. The
rupture and rebinding work distributions overlap over a large range of work values
(Fig. 10), which means that we are indeed in the near-equilibrium regime. They
cross at a value of the work AG of 9.3 £ 2.3 kzT = 5.5 + 1.3 kcal mol L. This value
is in good agreement with the difference in energy between the molecular ring
binding to the fumaramide and succinic amide—ester binding sites determined by
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Fig. 10 Work distributions for the rupture peak (blue) and rebinding peak (red). Loading rate:
500 pN s~! (line) and 5,000 pN s~! (dots). The distributions show a crossing around
AG =9.3+2.3 kgT (after correction for entropy loss due to the stretching of the PEO). From SIof [19]

1H NMR for bulk solutions of related rotaxane molecules [22, 26, 27]. The work
value for a loading rate of 500 pN s~' (Fig. 8c) is close to this binding-energy
difference between the two hydrogen-bonding motifs, indicating that under these
conditions, the rotaxane is able to make use of almost all the energy available from
hydrogen bonding to perform work along the direction of the applied load.

Studying the movements in a single molecule of less than 5 nm long by force
spectroscopy and measuring the work it can perform is a breakthrough. If manip-
ulations at the molecular level have been known for 15 years, so far it was a matter
of measuring the movements within biological molecules which are a thousand
times bigger than a rotaxane molecule.
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An Atomistic View of DNA Dynamics
and Its Interaction with Small Binders:
Insights from Molecular Dynamics

and Principal Component Analysis

Barbara Fresch and Francoise Remacle

Abstract DNA oligomers are promising building blocks for the development of
bottom-up nano-devices and molecular logic machines. To control and exploit their
unique capabilities of self-assembling and molecular recognition, a deep under-
standing of their dynamical properties is essential. We theoretically investigate the
dynamics of a DNA dodecamer and its complexes with two common ligands,
Hoechst 33258 and the ethidium cation, by means of classical molecular dynamics
(MD) simulations and principal component analysis (PCA). We study the structural
relation between the flexibility of the double helix and the binding process. The
dynamics of a terminal base pair unbinding is also analysed as an example of
process that involves multiple energy minima in the underlying free energy
landscape.

1 Introduction

Biomolecules are often taken as prototypes of efficient molecular machines as they
are able to perform highly complex and specialized functions. They are flexible
structures, and their conformational changes are the basis of molecular recognition,
allosteric regulation, self-assembly and other capabilities enabling their biological
functions. Synthetic molecular machines are commonly built by assembling dif-
ferent molecular units to mimic simple motions typical of macroscopic objects, i.e.
the directional mechanical motion of one component relative to another [1-3].
Well-known examples of this approach are rotaxane-based molecular machines
[4, 5] in which a “wheel” is moving along an “axis”. Even if this perspective
allowed invaluable progresses in the understanding and control of motion at the
molecular level, the dynamical properties enabling the functioning of many bio-
logical molecular machines are much more complex than a simple directional
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motion of a component. Functional internal motions may be subtle and usually
involve complex correlations between atomic motions.

DNA oligomers in solution, for example, display a rich dynamical behaviour.
Despite timescale limitations, classical molecular dynamics (MD) simulations
unveil mechanistic details of this motion with an atomic resolution. MD provides
information on oligonucleotide flexibility that are difficult, if not impossible, to
observe experimentally. Nonetheless, the information contained in a MD trajectory
is encoded in a collection of 3N * n coordinates if N is the number of atom in the
system under study and n the number of configurations recorded during the sim-
ulation time. The understanding and the interpretation of such a huge amount of
data call for statistical tools that allow extracting most relevant motions and
decrease the dimensionality of the problem. Principal component analysis (PCA)
[6], also called ““essential dynamics” when applied to a molecular trajectory [7], is a
statistical analysis technique that allows handling this issue. PCA is based on the
definition of a new set of collective coordinates (the principal components (PCs) or
“modes”) that allow the identification of large-scale concerted motions. The prin-
cipal components are obtained as the eigenvectors of the atomic displacement
covariance matrix. They define directions in the 3N-dimensional space of atomic
coordinates, and the corresponding eigenvalues indicate the extent of the total
motion occurring in each direction. It turns out that for many biomolecules, as
proteins and nucleic acids, as few as 10—20 modes are sufficient to account for 90 %
of the total motion observed during the dynamics. Therefore, PCA allows the
reduction of the dimensionality of the dynamics (in relation to data compression
applications) and, more importantly for our purposes, it reveals concerted atomic
motions that can be related to molecular functions, thus serving as a bridge to
connect structural and functional properties of biomolecules.

In this contribution, we analyse the dynamics of a short DNA oligomer (12 base
pairs) by all-atom MD simulations and principal components analysis. DNA is well
suited to serve as a model to explore relations between structure, dynamics and
functions in biologically relevant molecules. On the one side, nucleic acids show
exceptional capabilities in molecular recognition and self-assembly. To carry on its
biological functions, DNA is transiently deformed, cut and resealed, damaged and
repaired, and the strands pulled apart and then re-annealed. Still, a DNA duplex in
the canonical B-helix structure is characterized by an overall simple dynamics [8],
which on a coarse-grained scale resembles the dynamics of an elastic rod [9, 10].
Nonetheless, from a closer perspective, sequence specific “dynamical motifs” play a
significant role in molecular recognition and add complexity to the overall picture
[11, 12]. We present a computational study of two different aspects of the dynamics
of the DNA oligonucleotide. Firstly, we consider the dynamics involved in the
interaction between the DNA dodecamer and two binders: Hoechst 33258 and the
ethidium cation. These ligands are well known, and their complexes with DNA
have been studied both experimentally and theoretically (see e.g. Refs. [13—15] and
references therein). We chose them as prototypes of two different mechanisms of
interaction with the DNA double helix: Hoechst is a minor groove binder that binds
selectively to A-rich part of the DNA sequence, while ethidium cation intercalates
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between base pairs (bps) without strong sequence specificity. We demonstrate that
the binding of Hoechst modifies the dynamics of the helix by “locking” the minor
groove in a conformation that maximizes the interaction with the ligand. Therefore,
the “groove breathing” motion observed in the free DNA oligonucleotide is sup-
pressed upon the binding of Hoechst. The intercalation of ethidium cations induces
stretching and untwisting of the double helix greatly enhancing its flexibility [16].

As a second topic, we consider the dynamics of base pair opening in a terminal
position of the DNA duplex. Breaking and re-annealing of terminal base pairs are
routinely observed in nanosecond MD simulations of short oligonucleotides at
room temperature. The opening of a terminal base pair is a conformational tran-
sition that brings the dynamics of the system out of the harmonic regime. We will
analyse how the underlying energy landscape is related to the principal components
extracted from the trajectory.

We first introduce in Sect. 2 the main concepts of PCA applied to a MD tra-
jectory. We then analyse the structure (Sect. 3) and the dynamics (Sect. 4) of the
DNA-ligand complexes. Section 5 is devoted to the study of terminal base pair
opening. We give the computational details of the MD simulations and of the post-
processing of the obtained trajectories in Sect. 6, and we conclude in Sect. 7
summarizing the main points and giving some perspectives on future works.

2 Principal Component Analysis of an MD Trajectory

PCA is a statistical tool that extracts large-scale motions occurring in the MD
trajectory, revealing the structure underlying the atomic fluctuations. It defines a
new coordinate system through a linear transformation of the atomic coordinates.
Such collective coordinates are then used to define a low-dimensional subspace
(often called “essential subspace”) in which a significant part of the molecular
motion is expected to take place.

A collective coordinate set can be determined as a set of eigenvectors that
diagonalizes a second moment matrix. The dynamics of a molecule composed of N
atoms is specified by 3N Cartesian coordinates x(7). From a MD trajectory, after the
elimination of the overall translational and rotational motion, the variance—
covariance matrix of positional fluctuations can be constructed:

C = ((x(r) — (x))(x(1) — (x))") (1)

where T indicates the transposed vector and (...) denotes the average on the
sampled configurations. In practice, an ensemble of 3N-dimensional coordinate
vectors X', fori=1, ... n, is generated by recording, at a discrete time interval, the
configurations generated during the trajectory. Each element C,, of the covariance
matrix is then calculated as the covariance between the pth and the gth entry of the
coordinate vector x on the ensemble of n realizations, namely
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where xj, and x; are the elements of x/, while (x,) and (x,) denote their average

over the ensemble of n realizations. The result is a time-independent matrix of
dimension 3N x 3N.

A set of eigenvalues and eigenvectors is obtained by solving the standard
eigenvalue problem

CT = AT (3)

with A being the diagonal matrix of the eigenvalues and T the transformation matrix
whose columns are the eigenvectors of C. The ith eigenvector represents the axis of
the ith collective coordinate in the conformational space, while the associate
eigenvalue A; gives the mean square fluctuation along that axis. Six of the
3N eigenvalues are practically zero since the overall translational and rotational
motion are removed from the trajectory before the analysis. To obtain 3N-6
physically meaningful eigenvalues, it is formally necessary to include 3N-6 con-
figurations in the PCA to ensure completeness of the data set. The motions along
these new coordinates are often termed “modes”, although they are not necessarily
vibrational. In normal mode analysis (NMA), the collective coordinates are defined
by the transformation that diagonalizes the Hessian matrix and each (harmonic)
mode is associated to its frequency. In principle, one can use the mass-weighted
displacement of all the atoms to define the covariance matrix of Eq. (1). This form
of PCA is often referred as “quasi-harmonic analysis™ since it is equivalent to NMA
if the analysed motion is due to fluctuations within a truly harmonic conformational
energy surface [17]. However, PCA analysis is more general and can be performed
by considering only the coordinates of a chosen subset of atoms. In NMA, higher is
the displacement represented by a normal mode, lower is its frequency. Since PCA
does not require any assumption on the harmonicity of the motion, the principal
components are sorted according to variance rather than frequency. Nonetheless,
the largest amplitude components of PCA usually represent the slowest concerted
motion represented in the analysed trajectory.

If n; represents the ith eigenvector, or PC, of C, we can define the projection of
the original MD trajectory onto the new direction defined by this principal
component

pi(t) =m; - (x(1) = (x)) )

The time evolution of the projections gives indication on the characteristic of the
motion along the PC and contributes to the characterization of the underlying
energy landscape [18, 19], as we will further illustrate in the following. By binning
the values of the time-dependent projection p;(z), one obtains the corresponding
probability distribution P(p;). Notice that the variance of the distribution of each
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projection is the variance of the atomic fluctuation along the ith principal compo-
nent, i.e. the corresponding eigenvalue, 4; = <p,-(t)2>. A Gaussian distribution of

the projection p; corresponds to sampling around one single structure and indicates
that the explored region of energy landscape is well described by a quadratic
potential (“harmonic modes”) or it is at least characterized by a harmonic envelope
(“‘quasi-harmonic or singly hierarchical modes”) [20], see Fig. 1a, b. On the other
hand, in a sufficiently converged trajectory [21], diffusive dynamics of a principal
component leading to bi-modal probability distribution along the trajectory indi-
cates a transition between multiple local energy minima (“multiple hierarchical
mode”), see Fig. lc.

As it is often the case in MD, sampling issues have an important impact on the
meaning and on the relevance of the results obtained from the PCA. The ability of
the analysis to extract meaningful information on important functional motions and
features of the energy landscape depends on the statistical relevance of the con-
figurational subspace sampled within the simulation. To evaluate the reliability of
the principal components, it is good practice to divide the simulation in two halves
and compare the corresponding modes. Two sets of eigenvectors 1; and v; can be
compared with each other by taking their inner product

S =m; - Y )

Subnanosecond MD simulations of protein dynamics showed that even if the
individual principal components extracted from different portions of the dynamics
correlate poorly, the subspace spanned by the major principal components converge
remarkably rapidly [22]. The degree of overlap between essential subspaces is often
measured as the root mean square inner product (RMSIP) of the two sets of
eigenvectors

RM B 1 M M )
SIPy =\ |+ > (0 v) (6)
i=1 j=1

13
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where M is the dimension of the subspaces. In order to visualize and interpret the
motion defined by a PC, it is useful to project it back to Cartesian coordinates as
follows

Xi(1) = pi(t) - m; + (x) 7)

We will use the Cartesian representation of the modes given by Eq. (7) to illustrate
the atomic displacement involved in the principal components.

3 Two Case Studies: DNA-Hoechst and DNA-Ethidium
Complexes

We perform 15 ns equilibrium simulations of the free DNA dodecamer (5-GGTA
AATTTAGG—3') in the standard B-helix form and of the complexes DNA-
Hoechst 33258 (1:1) and DNA—ethidium cation (1:3), see Fig. 2a. For the details
about the simulation protocol, see computational details in Sect. 6.

Hoechst is a fluorescent bis-benzimidazole molecule used in several applications
in pharmacology. It interacts with DNA by entering the minor groove with a clear
selectivity for A-T-rich tract of the double helix [8, 23]. In Fig. 2b, we show the
structure of the complex used in the simulations. An H-bond analysis of the
obtained trajectory reveals that the interaction occurs mainly through the formation
of hydrogen bonds between the N-donors of the Hoechst and the free oxygen of the
thymine bases T19-20-7, and a weaker hydrogen bond is also established with the
nitrogen of the adenine base A6, see Fig. 2a for the numbering convention. The
ethidium cation is a simple polycyclic aromatic molecule with short side chains
only and represents a typical DNA intercalator without strong sequence specificity.
An intercalator binds to the DNA double helix via the non-covalent stacking
interaction with the DNA base pairs. Here, we study the DNA-ethidium cation
(1:3) complex whose structure is shown in Fig. 2b. Deformations of the DNA
double-helix structure are usually described in terms of base pair step helicoidal
parameters (roll, tilt, twist, shift, slide and rise) [24, 25]. In Fig. 2c, we report the
comparison of the more significant parameters between the free DNA duplex (blue
bars), the Hoechst complex (red bars) and the ethidium complex (grey bars),
characterizing the different base pair steps (the first bp step is defined by the G1-
C24 and the G2-C23 base pairs, the second is between G2-C23 and T3-A22 and so
on). The height of the bars in Fig. 2c denotes the average value of the roll, rise and
twist parameters during the trajectory, while the error bars denote their standard
deviation. Notice that the local flexibility of DNA helix is highly sequence
dependent; pyrimidine—purine base pair steps, for example exhibit the largest
flexibility and extreme local deformations in B-form DNA [26]. Accordingly, we
find that bp steps 3 and 9 (TA) are characterized by a significant value of roll, a
local helix deformation towards the major groove together with a lower value of the
helical twist. It is well known that the binding of Hoechst to the DNA double helix
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Fig. 2 Structural aspects of the DNA dodecamer and its complexes with Hoechst and ethidium
cation. a Sequence of 24 bases in the oligomer with relative numbering. The base pairs are
identified by the number of the nucleotide in the 5" — 3’ strand. The base pair steps are numbered
as the left base pair, i.e. the bp step between the 1st bp (GC) and the 2nd bp (GC) is number 1 and
so on. The red parenthesis indicates the bps interacting with Hoechst, while the arrows indicate
the intercalation sites of ethidium cation. b Structures of the two complexes obtained as averages
over the MD trajectory. ¢ Comparison of structural parameters of the double helix (Roll, Rise and
Twist) between the free DNA (first bar, blue), Hoechst complex (second bar, red) and ethidium
complex (third bar, grey). The height of the bars is the average value of the parameter along the
trajectory, while error bar represents the standard deviation

does not imply significant structural reorganizations. We observe that the average
structural parameters of the double helix in the presence of the minor groove binder
remain practically the same as in the free oligomer. Nevertheless, we do find some
minor changes in the bp parameters (defining the relative position and orientations
of the two bases) within the base pairs directly involved in the binding (5th, 6th,
7th, 8th bps). Specifically, more negative values of buckle and propeller suggest
that the bases are not coplanar within the base pair in order to maximize the
favourable interactions with the binder.

Ethidium intercalation strongly distorts the base pair step forming the intercala-
tion site. In our model, the 5th, 7th and 9th bp steps (AA, TT and TA, respectively)
are the intercalation sites and they show, as expected, an increased rise (i.e. vertical
distance between base pair planes) and lowered twist (expressing the DNA molecule
being unwound). Because the distance between the bps in the intercalation sites are
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twice the unperturbed distance (about 7.5 against 3.3 A), the end-to-end distance of
the helix of the DNA—ethidium complex amounts to 54.9 A, which corresponds to an
elongation of about 13 A with respect to the free oligonucleotide.

4 From Structure to Dynamics

In this Section, we will explore the dynamical implications of the interaction
between the DNA double helix and the binders. To this aim, we first perform a PCA
analysis of the free DNA dodecamer. The visual inspection of the 15 ns trajectory
of the free DNA reveals that short after 7 ns of simulation, the 1st base pair G1-C24
unbinds: first, the H-bonds between the two bases are broken because of a fluc-
tuation twisting the aromatic rings of the two bases out of the common plane. Then,
the guanine unstacks from the neighbour cytosine base and flips and undergoes free
rotation in the solvent before establishing some non-canonical H-bond with the
oxygen atoms of the sugar—phosphate backbone. Fraying and re-annealing of ter-
minal base pairs are often observed in MD simulations of duplexes at room tem-
perature, and the mechanism of unbinding has been well characterized as part of the
melting process of the double helix [27-29]. It is clear that structures generated by
the dynamics after the terminal base pair opening belong to a region of the con-
figurational space different from the initial energy basin. In other words, the
opening event corresponds to the crossing of some barrier in the underlying energy
landscape and allows the system to explore another region of the accessible con-
figurational space. We will consider such a scenario in the next section. Here, we
want to focus on the dynamical consequences of the ligand binding; therefore, we
retain for the analysis only the first 6 ns of simulation in which all the bps of the
double helix are preserved. Moreover, we calculate the principal components by
building the covariance matrix of the coordinates of the subset of atoms in the
sugar—phosphate backbone. On the one hand, restricting the number of atoms
considered in the PCA has the advantage that the storage and diagonalization of the
covariance matrix is less demanding. On the other hand, a backbone-only analysis
is helpful to disentangle different components of the molecular recognition process:
variation in the sugar—phosphate backbone affects the minor groove width pro-
ducing specific movements essential to clamp the ligands [8, 30]. We found,
however, that the main collective modes resulting from the backbone PCA are very
similar to those obtained from all-atom analysis [31]. In Table 1, we report the
number of principal components accounting for 90 % of the variance, the absolute
value of the restricted and of the total variance during the trajectory, and the
contribution of the first 2 eigenvectors resulting from the backbone PCA of the
DNA dodecamer and the DNA complexes. For the free DNA, 20 PCs account for
90 % of the total variance accumulated during the trajectory. We show in Fig. 3a
the projections (see Eq. (4)) of the first two modes (38.7 % of the total variance) as a
function of the simulation time: they describe motions that are oscillatory about the
mean structure, with no net drift that could suggest a change in the overall
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Table 1 Number of principal components representing 90 % of the dynamics total variance,
absolute value of the explained and total variance (in A?) and fraction of variance accounted by the
first two principal components

Number of Explained variance/ % Explained by
vectors (90 %) total variance the first two PCs
DNA 12-mer 20 308.2/341.2 38.7
DNA-Hoechst(1:1) 20 284.1/315.0 41.0
DNA-ethidium(1:3) 14 507.4/559.8 63.4
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Fig. 3 Principal component analysis of the free DNA dodecamer: a projection of the atomic
positional fluctuations along the 1st (blue) and the 2nd (red) principal components as a function of
the simulation time and corresponding probability distributions. b Matrix of the inner products
between the principal components obtained by dividing the trajectory into two halves.
¢ Visualization of the atomic motion involved in the Ist and 2nd principal components

conformation of the molecule. The corresponding probability densities, also shown
in the figure, are well described by Gaussian distributions expected for motions that
explore quasi-harmonic energy basin (see Fig. 1). In Fig. 3b, we report the simi-
larity between the first 5 modes obtained from the first and the second halves of the
total trajectory in the form of the matrix of the inner products between them, see
Eq. (5). The higher value of the products clustered along the diagonal shows the
good convergence of the main principal components. The overlap of the essential
subspaces spanned by the first five PCs of the two different portions of the trajectory
calculated as the RMSIP defined in Eq. (6) amounts to 0.8. These observations
establish the robustness of the PCs resulting from the total trajectory. The first two
modes are shown in Fig. 3c: they both correspond to bending modes of the duplex
as also results from a normal modes analysis of the DNA double helix [10, 32] and
resemble the normal motions of a simple elastic rod. What is more interesting for
our purpose is to notice that the first principal component entails a sort of “groove



26 B. Fresch and F. Remacle

breathing” motion in the central portion of the double helix, with the backbone of
the two strands getting far apart which creates a good condition for the possible
approach of a binder molecule.

We then consider the essential dynamics of the two complexes: DNA—Hoechst
(1:1) and DNA-ethidium cation (1:3). As for the free DNA, we analyse a portion of the
trajectory (of about 6 ns) in which no base pair opening is observed and for which the
time evolution of the principal components are compatible with the motion in a quasi-
harmonic energy basin. As one can see from Table 1, the interaction with Hoechst
does not entail a significant change in the overall observed variance, while the
structure of the DNA—ethidium complex is definitely more flexible and floppy than the
free oligonucleotide, the total variance being significantly higher. In Fig. 4a, we show
the total root mean squared fluctuation amplitude of the backbone, specifying the
contribution coming from the different nucleotides; the upper part of the graph shows
the displacement of the atoms in the nucleotides 1-12, while the lower part shows the
displacement of the complementary bases 13-24 (see numbering in Fig. 2a). As a
common feature of the free DNA oligonucleotide and both complexes, the terminal
portions of the double helix are characterized by higher mobility, while the central part
(bps from 5 to 8) is more rigid. In comparison with the free oligonucleotide, all the base
pairs in the DNA—ethidium complex experience larger fluctuations during the tra-
jectory, while the presence of the Hoechst molecule reduces the total displacement of
the central base pairs but only slightly. However, the total root mean squared dis-
placement along the trajectory does not contain information about the relative
direction of the atomic motion. To analyse the changes on the backbone dynamics
induced by the presence of the ligands, we look at the main principal components of
the dynamics of the DNA-ligand complexes. The analysis of the matrix of the inner
products between the principal components of the free DNA and of the DNA-ligand
complexes showed in Fig. 4b shows that the PCs of the complexes preserve an overall
correlation with the PCs of the free oligonucleotide, especially in the case of Hoechst
binding. Nonetheless, by analysing the modes of the DNA-Hoechst complex (see
Fig. 4c), we find that the breathing of the groove which was part of the first PC of the
free oligonucleotide (Fig. 3¢c) is completely absent in the first five PCs of the complex.
The first mode of the DNA—Hoechst complex is still a bending motion around a central
hinge (which explains the correlation with the 1st PC of DNA in Fig. 4b), but the
backbone of the two strands moves concurrently in the same direction (which explains
the correlation with the 2st PC of DNA in Fig. 4b). In the second mode, the central part
of the helix is practically blocked, and the motion is concentrated on the terminal arms.
The change in the groove width is thus suppressed by the presence of the Hoechst
molecule. This can be intuitively understood since the groove is “locked” in the
conformation that maximizes the favourable interaction between the DNA and the
binder. On the contrary, the first two principal modes of the DNA—ethidium complex
are qualitatively very similar to the first two modes of the free oligonucleotide
(compare Fig. 4c with Fig. 3d). Nonetheless, the correlation between the modes of the
complex and the free DNA is lower in this case, due to the structural deformation of the
helix upon intercalation described in the previous section.
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Fig. 4 Principal component analysis of the DNA complexes with Hoechst (1:1) and ethidium
cation (1:3): a total root mean square displacement of the backbone atoms grouped by nucleotide.
The upper part of the graph shows data for nucleotides 1-12 and the lower part for nucleotides
13-24, the numbering convention is given in Fig. 2a. The bars refer to free DNA (blue), Hoechst
complex (red) and ethidium complex (grey). b Matrixes of the inner products between the first five
principal components of the free oligonucleotide and of the complexes. ¢ Visualization of the
atomic motion involved in the Ist and 2nd modes of the DNA—Hoechst and the DNA—ethidium
complexes

5 Exploring the Conformational Space: Opening
of a Terminal Base Pair

The essential dynamics of the short oligonucleotide presented in the previous
section shows that, on relatively short timescales, the dynamics is dominated by
fluctuations within a local minimum (that can be approximated well by a system’s
local normal modes). However, since the energy landscape is characterized by
multiple minima, on longer timescales, we can expect that the system crosses some
barrier and starts to explore other regions of phase space. When this is the case, the
large fluctuations are dominated by a largely anharmonic diffusion between mul-
tiple wells. To illustrate this point, we will now consider the whole 15 ns trajectory
of the DNA 12-mer. As previously mentioned, an opening of the terminal GC-1
base pair is observed after 7 ns. The fraying of the terminal base pair is energetically
costly because it involves the rupture of the H-bonds of the base pair and the



28 B. Fresch and F. Remacle

50 p(t) /A

mﬁM;N M\w

. 10
Time /ns
— 003

P(p,)

0.02}

| oot

Fig. 5 Principal component analysis of the whole 15 ns trajectory of the free DNA dodecamer
showing terminal base pair opening: a mechanistic details of the opening of the terminal base pair
GC-1. b Projection of the atomic positional fluctuations along the 1st (blue) and the 2nd (red)
principal components as a function of the simulation time and corresponding probability
distributions. ¢ Visualization of the atomic motion involved in the 1st principal component

un-staking of at least one base from the next one. Nonetheless, the increased
motional freedom that follows the fraying makes the peeling process entropically
driven. The stepwise (“zipper-like”) process starting with the fraying/peeling of one
of the two double-helix ends and propagating along the dodecamer has been
identified as the main unfolding route in the thermal melting of DNA oligonucle-
otides [29, 33]. In the condition of our simulation (room temperature and absence of
external forces), the base pair rupture process is of course reversible and biased
towards the re-annealing. The mechanism of the opening we observed is illustrated
in Fig. 5a by snapshots of the dynamics taken at different times. After the rupture of
the canonical H-bonds, due to a fluctuation which rotates the two bases out-of-plane
(snapshot at 7.3 ns in Fig. 5a), the guanine G1 explores different conformations,
while the cytosine C24 conserves the inter-strand staking interaction with the next
base C23. At 8.3 ns, Gl is completely unfolded before establishing non-canonical
H-bonds with the atoms of the backbone and thus residing for about 5 ns in this
“peeled conformation” (representative snapshot at 13.9 ns). Short before the end of
the simulations, the guanine leaves this kinetic intermediate and goes back on the
top of the helix. However, it does not find straightly the optimal Watson—Crick
pairing; instead, the structure is again trapped in a local minima characterized by the
stacking between G1 and C24 (snapshot at 15.5 ns). It is clear that, because of the
opening process described above, the system visits a portion of the energy land-
scape during the simulation time that is not well approximated by a harmonic
potential. Let us see how this is reflected by the essential dynamics resulting from a
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PCA analysis of the whole trajectory. To analyse the base opening motion, we do
not confine the analysis to the backbone atoms, since it is clear by simple visual
inspection that the reaction coordinate is mainly composed of the coordinates of the
G1 base atoms. Accordingly, we perform an all-atom PCA. Figure 5b shows the
projection along the first two principal components of the dynamics and the cor-
responding probability distributions. The first PC, which account for the 30 % of
the total displacement, shows very clearly the transition between two distinct
conformations suggesting the crossing of a barrier in an underlying energy profile
characterized by multiple minima (as the one schematically shown in Fig. 1c). The
corresponding probability distribution is bi-modal, which is a typical signature of a
multiple hierarchical mode. The time dependence of the second mode also shows
the signature of the transition around 8 ns, but the overall distribution is well
represented by a Gaussian. The Gaussian probability distribution suggests that,
along the direction identified by the 2nd PC, the system remains within a single
energy basin. Moreover, by plotting the projection of the higher modes as a
function of the projection of the first mode, one can verify that the first PC is
statistically un-correlated from the others. This means that it represents a good
reaction coordinate for the base pair opening process. The motion described by the
first PC is shown in Fig. 1c and clearly corresponds to the flipping of the G1 base.
Given a longer trajectory which presents multiple binding/unbinding events, ther-
modynamic properties can be derived as ensemble averages and one can use the
principal components to obtain a map of the free energy landscape [19, 34].

6 Computational Details

MD simulations of the DNA, DNA-Hoechst 33258 complex and DNA—ethidium
cation (1:3) were performed using AMBER 10.0 with the AMBER ff99bsc0 force
field for nucleic acids and the TIP3P water model. The force fields for the ligand
have been prepared with ANTECHAMBER and corrected according to the
parameterization developed in Ref. [35] for Hoechst and in Ref. [13] for the ethi-
dium cation. The initial structures were solvated in a cubic periodic box, with a
minimum buffer of 10 A between any DNA or solute atom and the closest box
edge. Sodium counter-ions were added to establish charge neutrality. The resulting
system was energy minimized using steepest decent and conjugate gradient
methods to relieve any residual unfavourable steric interactions introduced during
the solvation procedure. First, the systems (DNA and DNA complexes) were
restrained (500 kcal/mol-A?), while the water and counter-ions were subjected to
10,000 cycles of minimization. Then, the full system was allowed to relax during an
additional 10,000 cycles of unrestrained minimization. The DNA oligonucleotide
and Hoechst 33258/ethidium cations systems were restrained (25 kcal/mol A%
during a 20 ps, constant volume MD simulation (NVT), during which water and the
Na+ atoms were allowed to move freely and the temperature was raised from 0O to
300 K using a Langevin temperature control. Next, the system was subjected to
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150 ps of constant pressure (NPT) MD to achieve proper density and 1 ns of
relaxation before production runs. During MD, the long-range electrostatic inter-
actions were treated with the particle mesh Ewald method [36] using a real-space
cut-off distance of 7.0 = 9 A. The SHAKE algorithm [37] was used to constrain
bond vibrations involving hydrogen atoms, which allowed a time step of 2 fs.
Frames are recorded every 1,000 steps (2 ps).

Analysis of the trajectory to extract the helical parameter of the double helix was
performed with the cpptraj module of AmberTools12. PCA analysis was carried on
as implemented in the PCA suite software [38].

7 Conclusions

Conformational freedom of molecules is related to the underlying free energy
landscape, which for biological molecule is high dimensional and likely charac-
terized by many local minima accessible at room temperature. Some concerted
motions are important biologically as they describe the manner in which the bio-
molecule is particularly flexible. PCA analysis extracts from a MD trajectory a set
of collective structural changes of the molecule, i.e. principal components of the
dynamics, which contribute significantly to the observed atomic displacement. It is
well known that a large part of the overall motion of the system during a simulation
can be described in terms of only a few principal components. These large dis-
placement motions dominate the range of molecular configurations explored during
thermal agitation, and they are often related to the capability of the molecule to
perform biological relevant functions. We have illustrated these concepts by con-
sidering the dynamics of a DNA dodecamer in solution. Molecular recognition
between the oligonucleotide and binders is related to a groove breathing mode that
facilitates the approach of the ligand to the base pairs of the double helix. We
observed that the binding of Hoechst in the central part of the dodecamer suppresses
this mode by “locking” the minor groove in a configuration that maximises the
interaction between the DNA and the drug. The intercalation of three ethidium
cations significantly distorts the B-helix structure but does not suppress the
breathing mode of the helix backbone. The principal components of the dynamics
of a terminal base pair opening are also analysed. We showed that this motion
cannot be described within a quasi-harmonic approximation since the system
explores multiple minima in the underlying energy landscape. The first principal
component, describing the flipping of one terminal base, is a good reaction coor-
dinate for the opening process. The decomposition of MD trajectories in term of
principal components is a powerful method to unveil the atomic details of complex
dynamical processes involving the DNA double helix. Further work in this direc-
tion may improve our understanding of important processes, such as the mechanism
of unfolding under the action of external forces as probed my modern single-
molecule manipulation experiments, or the effects of specific drugs on the stability
and on the elastic properties of DNA.
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Recent Advances in the Chemical
Synthesis of Lasso Molecular Switches

Frédéric Coutrot

Abstract Interlocked and interwoven molecules are intriguing structures that can
behave as molecular machines. Among them, the [l]rotaxane molecular architec-
ture is unique, since it defines a lasso-type shape, that, if well designed, can be
tightened or loosened depending on an external stimulus. This chapter describes an
overview of the main strategies used to reach [1]rotaxanes to date and then focuses
on the few examples of [1]rotaxanes reported in the literature that behave as mono-
lasso or double-lasso molecular machines. Different motions are illustrated like the
loosening—tightening of lassos or the controllable molecular “jump rope” move-
ment which is specific to the double-lasso structure.

Keywords Molecular machine - [1]Rotaxane - Lasso - Double-lasso - Jump
rope - Lasso peptides

1 Introduction

Interlocked molecular architectures are the class of compounds that have been
extensively studied in the past decades. Rotaxanes and catenanes belong to this
family of fascinating compounds: They, respectively, consist of a macrocycle
surrounding either a molecular axle or another macrocycle. The number [7] found
in bracket before the chemical terminology “rotaxane” and “catenane” is assigned
for the number of elements which are interlocked, without being covalently linked
one to each other. It has already been established that the presence of a macrocycle
around a thread resulted in tremendous changes of the physical and chemical
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properties of the thread. The same trend has been observed with catenanes, where
the properties of a single macrocycle highly differ from the catenated dimer. The
fact that the elements of these molecules have the possibility to glide among each
other using low interactions gives them very appealing properties. Indeed, not only
the new presence of a macrocycle around another element (i.e, a molecular thread in
a rotaxane or a macrocycle in the case of a catenane) is responsible for the physical
and chemical changes of the element. The different localizations of the macrocycle
along the encircled element are also accountable for these changes. As a result,
chemists have focused on the design, the synthesis, and the study of numerous
molecular machines [1] based on interlocked components which contain several
sites of interactions (i.e., molecular stations) for each other. Low interactions
between the elements, such as hydrogen bonds, electrostatic, ion—dipole, charge
transfer, n—n stacking, and hydrophobic interactions, as well as metal-based coor-
dination, have all been utilized to conceive more or less sophisticated molecular
stations. Chemical changes such as protonation, deprotonation, photoisomerization,
oxidation, reduction, (...) or variations of the environment of interlocked molecular
machines such as variations of the solvent, the temperature (...) can lead to the
modification of the affinity between the concerned molecular stations and the sur-
rounding macrocycle in rotaxanes and catenanes. Hence, if the molecule is well
designed, these changes can cause the controlled displacement of one macrocycle
along other components, resulting in the operation of a molecular switch or
machine. Among the numerous interlocked molecular architectures reported to date,
the lasso compounds hold a particular place, since their constrained looped shape
defines a pseudomacrocyclic cavity. They can be assimilated to [1]rotaxanes, in
which a macrocycle is covalently linked to a molecular tail that threads the mac-
rocycle. Many pseudo[1]rotaxanes have been reported in the literature until now
[2-9]: In this typical molecular architecture, an equilibrium takes place between the
interlocked compound and its uncomplexed analogue, as long as no bulky moiety is
present on the threaded axle (particularly at its extremity) to prevent the disas-
sembling process (Fig. 1). Such compounds that contain both a macrocycle and a
site of interaction for it are commonly called as “hermaphrodite” molecules.

The synthesis of lasso compounds, in which the interlocked structure is locked at
each extremity by two hindering moieties (also commonly called “stoppers”) that
prevent the macrocycle to unthread, has been the subject of only a very few report
to date. Surprisingly, to the best of our knowledge, only a very small number of
lassos have been conceived with the aim of being subjected to molecular
machinery. However, the combination of molecular machinery and lariat

Fa 1

_— .
” threading
template
moiety

Fig. 1 Cartoon representation of the equilibrium between a pseudo[l]rotaxane and its non-
interlocked hermaphrodite analogue
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architectures can yield to different movements like those of a belt which can tighten
or loosen depending on a pH stimulus, or a crank in which a rotational and a
translational motions are closely related, or a controllable “jump rope movement”
depending on both pH and solvents. In this chapter, attention is first focused on the
chemical synthesis of [1]rotaxanes, then on the synthesis and studies of mono-lasso
molecular machines, and eventually on the more sophisticated double-lasso
molecular machines.

2 Main Strategies to Yield Mono-lasso Compounds

Different strategies relative to the synthesis of [1]rotaxanes have been reported in
the literature. Whereas most of them involve interactions between sites which are
present in both the macrocycle and the axle to be threaded, only one strategy relies
on a covalent bond formation of [1]rotaxane devoid from any help of supramo-
lecular interactions. These various main strategies are listed in the following
sections.

2.1 Covalent Bond Formation of Lasso Compounds

The first strategy to be discussed is based on covalent bond formation and does not
appeal to any low interactions between template moieties (Fig. 2). The synthetic
route to [1]rotaxanes relies on a key bicyclic compound, one of the two cycles of
which can be selectively opened by the attack of a reactive molecular axle (ended
by one bulky stopper) through the inner of the other macrocycle.

By using this strategy, Hiratani et al. reported in 2004 the synthesis of the
[1]rotaxane 3 via the intermediate formation of the key bicyclic compound 2, which
can undergo an ester to amide trans-acylation (Fig. 3) [10].

More precisely, the naphthyl ester moiety of the key bicyclic macrocycle 2 was
submitted to an aminolysis using the 9-(3-(aminopropyl)aminocarbonyl)-anthra-
cene. This reaction led, after purification, to the mono-lasso compound 3 in a
satisfactory 45 % yield along with 20 % of its non-interlocked analogue. The
formation of these two products is inherent in this strategy and can be ascribed to
the attack of the amine either by the inner of the cavity of the crown ether or by the

\ attackof the green brick on the orange one,
through the inner of the red macrocycle
+ >

Fig. 2 Cartoon representation of the covalent bond strategy to prepare lasso compounds
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Fig. 3 Covalent bond formation of a lasso compound according to Hiratani et al.

outer of it. Interestingly, and contrary to its non-interlocked analogue, the
[1]rotaxane 3 holds specific binding properties related to its interlocked architec-
ture. Indeed, it was found that [1]rotaxane 3 was able to catch the smallest alkali
cation lithium with an association constant of 8.4 x 10> L mol™'. Energy transfer
from the macrocyclic naphthalene to the tail’s anthryl group was then observed and
studied in the free lasso 3 and in the lithium-complexed lasso 4. By comparing with
3, the fluorescence appeared to be enhanced in the case of the lithium-complexed
[1]rotaxane 4, suggesting that the host—guest interactions restrain the conformation
of the lasso and decrease the distance between the naphthalene and the anthryl
groups, thus lowering the quenching phenomenon.

The other reported strategies to prepare [l]rotaxanes, which are discussed
thereafter, are all based on low interactions as the driving force to assemble the
molecular elements into the interlocked structure.

2.2 Template Synthesis of Lasso Compounds

Three main synthetic template strategies have been utilized to generate lasso
compounds (Fig. 4).
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Fig. 4 Cartoon representation of the three main synthetic template strategies to prepare lasso
compounds, a—c synthetic pathway

2.2.1 Synthetic Pathway (a)

The first synthetic strategy (Fig. 4a) can be divided into two key steps: the pre-
liminary templated synthesis of a semi[2]rotaxane (i.e., a threaded molecular axle
that possesses only one bulky stopper) and followed by the chemical connection
between two reactive functions which belong to the encircled axle and the sur-
rounding macrocycle.
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Fig. 5 Synthesis of a [1]rotaxane based on a cyclodextrin by Lucarini et al.

Using this synthetic pathway, Lucarini et al. reported in 2008 the synthesis of a
paramagnetic [1]rotaxane based on a B-cyclodextrin and a nitroxide stopper (Fig. 5)
[11]. In water, the 6-mercapto-f-cyclodextrin complexes first the bromide guest
compound 6. This encapsulation is due to hydrophobic interactions between 6 and
the lipophilic cavity of the cyclodextrin. In the presence of sodium hydroxide, the
B-cyclodextrin thiolate moiety of the semirotaxane reacts with the encircled bro-
mide compound via nucleophilic substitution to give the [1]rotaxane 8 in 7.6 %
yield. In the case of the bromide compound 7, which contains an amide group, the
fortuitous formation of the non-interlocked compound 9 was observed, without any
formation of [1]rotaxane. In 8, the 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO)
moiety being larger than the smaller rim of the B-cyclodextrin, it acts as an efficient
stopper that locks the structure in a [1]rotaxane molecular architecture.

Due to the stabilization of the nitroxides by the B-cyclodextrin and to the lower
reactivity of the nitroxyl group in the [1]rotaxane structure, rotaxane 8 was expected
to be more resistant toward the nitroxide reduction carried out by enzymes in vivo.
Assuming the better in vivo stability of nitroxide [1]rotaxane architecture, with
respect to non-interlocked nitroxides, such an interlocked structure brings a particular
interest for its use as a protected exogenous radical for spin labels, contrast agents for
magnetic resonance imaging, the measure of the spectra of a living body, or oximetry,
with a stronger and better resolved electron paramagnetic resonance signals.

2.2.2 Synthetic Pathway (b)

The second strategy (Fig. 4b) is very similar to the first one, but differs by the fact
that the initial threading takes place within a single molecule and firstly affords a
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pseudo[ 1]rotaxane, before that this latter is capped, in a second time, at its threaded
extremity. In fact, this strategy can only be envisaged if the starting molecule
possesses both a macrocycle and a site of interaction for it. A few number of articles
report the synthesis of [1]rotaxanes using this synthetic pathway.

In 2007, Tian et al. reported the synthesis of two [-cyclodextrins-based
[1]rotaxanes, in which the cyclodextrins are substituted to a diazo-containing tail at
different C6 and C2 positions of the glucidic skeleton (Fig. 6) [12].

In water, the molecules 10 and 13 self-assemble in pseudorotaxanes, through the
threading of the diazo moiety in the hydrophobic cavity of the cyclodextrin.
Depending on the position of the substitution of the tail on the macrocycle, this
threading appeared possible either by the smaller or by the bigger rim of the
cyclodextrin. The subsequent end-capping reaction of the pseudorotaxanes was
carried out in water using a Suzuki coupling with the boronic acid derivative 11 and
afforded the [1]molecular rotaxane architectures.

A very similar [1]rotaxane system has been recently used in the domain of
nanomaterials [13]. It involves a B-cyclodextrins-based pseudo[l]rotaxane con-
taining in its molecular tail a diazo moiety for the self-inclusion and a terminal
1,2-dithiolane moiety aimed to be grafted on the surface of gold nanoparticles, these
latters acting as the stopper.

The formation of a stable [1]rotaxane without the help of any bulky stopper was
reported by Kambe et al. The authors proposed the synthesis of a m-conjugated
[1]rotaxane 17 containing a permethylated a-cyclodextrin which bears a diphen-
ylacetylene derivative (Fig. 7) [14]. Here again, the employed strategy relies on the
initial formation of the pseudorotaxane 16 via self-inclusion within a single mol-
ecule in a polar medium to enhance the lipophilic interactions, then by the capping
reaction of the threaded tail extremity, this time using a Suzuki—Miyaura coupling.
In this example, the main novelty lies in the fact that this latter step was achieved
using a non-bulky but conjugated stopper. Although the decomplexation through
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Fig. 6 Synthesis of a [1]rotaxane based on a B-cyclodextrin by Tian et al.
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Fig. 7 Synthesis of a [1]rotaxane based on a permethylated a-cyclodextrin and using a non-bulky
stopper by Kambe et al.

“flipping” of such a flexible permethylated cyclodextrin-based system was already
known, here, the [1]rotaxane product appeared very stable in chloroform even after
more than seven days. This stability of the interlocked structure 18 can be explained
by the rigid m-conjugated aniline moiety which does not allow any “flipping”
mechanism.

2.2.3 Synthetic Pathway (c)

The third strategy (Fig. 4c) relies first on the synthesis of a macrocycle which is
linked to a molecular tail containing already a bulky stopper at its extremity.
Contrary to the two first strategies (a) and (b), the absence in the molecular axle of
any site of interactions for the macrocycle leads exclusively to the non-interlocked
product. However, the revealing of a template moiety for the macrocycle leads to a
hermaphrodite molecule, in which the revealed moiety can interact with the mac-
rocycle. In this singular case, the classical threading of the molecular tail extremity
is not allowed by the presence of the bulky stopper. Nevertheless, if the aromatic-
containing macrocycle is well chosen, in terms of size and substitution [15], a
movement of rotation of one of its part authorizes the lasso formation via a
reversible self-entanglement process. Due to the reversible process, the obtained
lasso belongs to the class of pseudo[1]rotaxanes, as long as the flipping mechanism
of the macrocycle is possible. One way to stop this mechanism can be the intro-
duction of a side hindering stopper, located in the tail between the site of interaction
and the macrocycle. Another way consists of trapping the interlocked structure
using strong interactions like a metal-coordination with ligands located on both the
macrocycle and the tail.
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In 2010, the synthetic routes (a) and (c) were utilized and compared by Mayer
et al. [16] for the preparation of a [1]rotaxane, using a metal-directed complexation
as the driving force for the interlocking (Fig. 8).

They proposed the synthesis of a model compound 21, which contains at one
extremity a 31-membered ring holding a 1,10-phenanthroline and a covalently
linked molecular axle comprising another phenanthroline moiety. At the other
extremity lies a tris(p-tert-butylphenyl)methyl group [17], which was already
known to be unable to pass through the macrocycle [18, 19]. Compound 21 was
synthesized from the two alkene-containing compounds 19 and 20 using the
Grubb’s metathesis. No interlocked product was generated during the metathesis,
which is coherent with the absence of any interactions between the macrocycle and
the molecular axle. However, as anteriorly mentioned by Sauvage et al. [20], the
addition of copper (I) induces a tetrahedral complex, due to the coordination of the
metal with the nitrogen atoms of the two phenanthroline moieties. This complex-
ation forces the structure to adopt the [1]rotaxane molecular architecture 22 by
tumbling of the macrocycle. Indeed, since the bulky tris(p-tert-butylphenyl)methyl
extremity of the molecular axle was chosen so that it cannot thread through the
macrocycle, the only way to reach the interlocked structure was demonstrated to be
a self-entanglement. This interlocking process was found to be also dependent on
concentration. At a high dilution (0.1 mM) that minimizes competitive bimolecular
chain—chain complexation, the yield of the rotaxane formation was up to 94 %. The
entanglement process can be reversed by removing the copper (I) via its com-
plexation with cyanide ions, resulting in the disappearance of the phenanthroline—
copper tetrahedral complex, hence to the disentanglement of the structure.

The other already discussed sequential synthetic route (a) toward the lasso
molecule 22 was also investigated. It first consists in preassembling the compounds
19 and 20 in the presence of the copper (I), using its ability to coordinate the
phenanthroline units of each component. The semirotaxane complex 23 was found
to be very stable and was isolated in 98 % yield before being submitted to the
Grubb’s metathesis. This afforded the lasso compound 22 in a 77 % yield.

Peculiarly, the various possibilities of internal motion that are inherent to the [1]
rotaxane molecular architecture have only been the subject of a very few number of
articles that are discussed below.

2.3 Examples of Non-controlled Motions in [1]Rotaxanes

An example published by Easton et al. in 2003 [21] must be mentioned as the first
synthesized cyclodextrin-based [1]rotaxane. It is based on a cyclodextrin macro-
cycle and a stilbene-containing thread. The synthetic strategy to reach this [1]
rotaxane architecture, which consists of linking the macrocycle of a [2]rotaxane
with its encircled axle, has not been discussed before because of its obviousness:
Nevertheless, it remains very similar to the presented strategy (a), except that the
semi[2]rotaxane is now replaced by a [2]rotaxane. More interesting than the
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Fig. 8 Synthesis, capture, and release of a self-entangled [1]rotaxane
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synthesis is the study of the rotational motion in a mechanical ratchet of a side part
of the encircled thread (i.e., acting as a “tooth”) restricted by the succinamide spacer
joining the cyclodextrin and the threaded axle (i.e., acting as a pawl) (Fig. 9).
Experiences on a [2]rotaxane analogue, on one hand, and on a similar [1]rotaxane
which does not include the methoxy group, on the other hand, proved that this
ratchet mechanism is specific to both the [1]rotaxane architecture and the methoxy
group.

Another uncontrolled molecular machine was proposed by Shionoya et al. in
2010 [22]. It concerns the design and the synthesis of a molecular “crank” in which
an intramolecular motion transformation between rotation and translation can be
observed (Fig. 10). The interlocked molecule 26 contains two disk-shaped rotors,
each of them linked either to a dibenzo-24-crown-8 (DB24C8) macrocycle or a
carbamoylated amine including molecular tail. The whole structure can be assim-
ilated to a [1]rotaxane because the two disk-shaped rotors are linked together via the
coordination of three Ag(l) ions, thus joining the DB24C8 macrocycle to the
threaded axle. One disk-shaped rotor possesses six monodentate thiazole moieties
(in blue), whereas the other contains only three monodentate oxazoline ligands
(purple). Both rotors can complex three Ag(I) ions (in green) via the nitrogen atoms
of their ligands, and the possibility of exchange between the six thiazole ligands
triggers the free rotational movement of one disk shape (the blue one for example)

HO
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NH N O “t th”
N OMe tool
O:N NG, ,(:Me O, QNOQ £ .
O N No, BOPEN { O v No,
O,N HN 3 O,N HN y
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24 25
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Fig. 9 A ratchet tooth and pawl to restrict a rotational motion in a cyclodextrin [1]rotaxane by
Easter et al.

Fig. 10 A molecular “crank”
by Shionoya et al.

26
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with respect to the other (the purple one). This motion was correlated with the free
translational movement of the DB24C8 (in red) along the threaded tail. It is
noteworthy that this latter does not contain any molecular station for the DB24C8 in
the targeted molecule 26. Indeed, the initial ammonium moiety, which acts as a
necessary template for the interlocking of the molecule during the synthesis, has
been carbamoylated so that a free shuttling displacement of the DB24C8 could take
place.

These last examples of rotational and rotational related to translational motions
naturally lead us to discuss now about the notion of the accurate control of various
movements of the elements in a [1]rotaxane. As one of the most interesting internal
motion, the molecular machinery of controlling the shuttling of the macrocycle
along the thread in a [l]rotaxane architectures has been the object of only a very
few examples, which are given below.

3 Mono-lasso Molecular Machines

3.1 Synthesis of Light-Driven [1]Rotaxanes

In 2007, Tian et al. described the synthesis of a light-driven [1]rotaxane based on a
B-cyclodextrin as the host and a diazo-containing tail as the guest (Fig. 11) [23].
They used the above-discussed strategy (b) consisting of a self-inclusion of an
azobenzene-modified B-cyclodextrin and the subsequent tail capping of the
pseudorotaxane intermediate by Suzuki coupling. The self-inclusion being mainly
based on hydrophobic interactions, the pseudorotaxane 12 was only produced in a

| NaO;S °©

o-@- NasCO,
QQ Pd(OAC)z
DMSO/HZO 90/10

Na,CO3
Pd(OAc),| H

12 28

Fig. 11 Synthesis of a light-driven [1]rotaxane molecular machine based on a cyclodextrin by
Tian et al.
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Fig. 12 Synthesis of a light-driven [1]rotaxane molecular machine by Tian et al.

mixture water/dimethylsulfoxide (90/10), whereas the use of an increased amount
of dimethylsulfoxide resulted in the exclusion of the azobenzene arm from the
B-cyclodextrin cavity, thus allowing the preparation of the non-interlocked ana-
logue 27. Interestingly, the E/Z photoisomerization of the azobenzene moiety of
[1]rotaxanes 12 and 28 triggered a very slight reversible shuttling movement of the
B-cyclodextrin along the thread.

Tian et al. reported a little bit later another light-driven [1]rotaxane, this time
based on a Cobalt coordinated [1]rotaxane molecular machine which can adopt
contracted or stretched states upon light irradiation (Fig. 12) [24]. The Co (IIT) has
been used to coordinate the oxygen atoms of the phenolates and the nitrogen atoms
of the Schiff bases, thus allowing a higher rigidity and linearity of the molecule. In
29 and 30, the photoisomerization of the two azobenzene moieties allows to
amplify the stretching and contraction movement that was observed before with the
[1]rotaxanes 12 and 28 containing only one azobenzene and one cyclodextrin
(Fig. 11).

A few number of other [1]rotaxane molecular machines, this time containing
several molecular stations for the macrocycle, have also been recently synthesized
and studied. Contrary to the examples described above, they display a much larger
amplitude of movement of the macrocycle along the threaded axle, so that the lasso
can adopt two very different conformations. They are not based anymore on
cyclodextrins but on crown ether macrocycles and have the feature to be pH-
responsive. They are inventoried below.

3.2 Synthesis of pH-Sensitive [1]Rotaxanes Based on Two
Molecular Stations

3.2.1 Via the Self-threading and the Subsequent Tail Capping
(Synthetic Pathway (b))

All the following examples of lasso molecular machines rely on the utilization of
crown ethers as macrocycles and threads containing ammonium and triazolium
moieties as molecular stations. Coutrot et al. have been the first to report the use of a
N-alkyl triazolium as molecular stations [25] for crown ethers such as DB24C8 or
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benzometaphenylene-25-crown-8 (BMP25CS). The N-methyl triazolium station can
be very straightforwardly introduced, from an alkyne and an azide compounds, using
a two-step sequence: (1) copper (I)-catalyzed Huisgen alkyne-azide 1,3-dipolar
cycloaddition (CuAAC click chemistry) and (2) N-methylation of the triazole. The
N-methyl triazolium moiety proves to be a poorer molecular station for crown ethers
than ammonium stations. Indeed, it is quite impossible to use triazoliums as tem-
plates for rotaxane formations [26]. However, in interlocked rotaxane architectures,
after deprotonation of the ammonium moiety, the N-methyltriazolium group turns
out to be a molecular station of sufficient affinity for crown ether macrocycles and
interacts both by hydrogen bonding or charge transfer.

The bistable ferrocene-based [1]rotaxane 33 was synthesized in 2012 by Qu
et al. [27] according to the strategy (b) and using Coutrot’s system [25] of
molecular stations for the DB24C8 (Fig. 13). The hermaphrodite molecule 31,
which contains an ammonium template linked to a DB24C8 macrocycle via a
ferrocene linker, was first synthesized. In the nonpolar solvent dichloromethane, the
extremity of the tail is threaded through the macrocycle so that the oxygen atoms of
the DB24C8 interact with the ammonium station by hydrogen bonds and ion—
dipole interactions. At this stage, the hermaphrodite compound 31 and the pseud-
orotaxane 32 are in equilibrium. The introduction of a dimethoxybenzene stopper at
the alkyne extremity was achieved via the “click chemistry” in a solvent that does

32
1) Cu(CH4CN),PFq
M, 24h

Nabo
—0

2) CHgl, CHCly, 4d
3) NH,PFg/H,0
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Fig. 13 Synthesis of a pH-sensitive [1]rotaxane molecular switch with an electrochemical signal
output by Qu et al.
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not disrupt the interactions that are responsible for the interlocked architecture.
Then, the triazole moiety underwent a methylation using methyl iodide and an
anion exchange with ammonium hexafluorophosphate. Using Coutrot’s synthetic
pathway [25], the two-station [1]rotaxane 33 was obtained from the hermaphrodite
molecule 31 with an overall yield of 22 %. Molecular machinery was then envis-
aged on 33 using a variation of pH as the external stimulus. Upon deprotonation,
the DB24C8 shuttles toward the triazolium station, thus loosening the lasso mol-
ecule. The process can be reversed in trifluoroacetic acid, resulting in the tightening
of the lasso. Interestingly, cyclic voltammetry experiments showed very different
electrochemical properties of the free ferrocene unit for the lasso compounds in the
two very different conformational states. Indeed, the electrochemical state of the
protonated lasso 33, in which the ammonium is included in the inner of the mac-
rocycle, appeared reversible. On the contrary, an electrochemically irreversible state
is observed at the deprotonated state when the amine group is excluded from the
macrocycle. Such a system holds potential for designing smart materials with
switchable properties.

Starting from the pseudorotaxane 32 and using the same strategy to yield lasso
architecture, Qu et al. described in 2013 an analogous redox-active ferrocene-based
system, although slightly more sophisticated insofar as the movement of its
DB24CS8 displays a larger amplitude and the threaded axle holds a 4-morpholin-
naphthalimide as a stopper whose fluorescence can be adjusted by a distance-
dependent photoinduced electron transfer process (Fig. 14) [28].

The system works here as an INHIBIT logic gate (Fig. 15) that can be observed
by the naked eye. The intensity of the fluorescence of the [1]rotaxanes appeared to
be very different depending on the pH. Indeed, by comparing with the protonated
[1]rotaxane 35, the emission intensity at 521 nm of the deprotonated [1]rotaxane 36
dramatically decreases. This observation can be ascribed to the spatial proximity
between the electron-rich ferrocene unit and the electron-deficient 4-morpholin-
naphthalimide fluorescent moiety. This proximity allows the photoinduced electron
transfer process between the two complementary units, thus resulting in the
quenching of the fluorescence. Fluorescence can be restored to its original level,
either by decreasing the pH (addition of trifluoroacetic acid) or by oxidizing the
ferrocene unit by the help of Fe(ClO4);. When oxidized, ferrocene is no more an
electron-donating group (compounds 37 and 38). As a result, no photoinduced
electron transfer is possible whatever the distance between the ferrocene and the
4-morpholin-naphthalimide units, this distance being related to the two confor-
mations of the [1]rotaxane which can be obtained upon variation of pH. The authors
claimed important potential for the development of complicated logic circuits with
memories or sequential functions.
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Fig. 15 Representation of the INHIBIT gate that characterizes the intensity of fluorescence of the
[1]rotaxane molecular switches 35-38 upon pH and redox stimuli
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3.2.2 Via the Self-Entanglement Strategy (Synthetic Pathway (c))
and the Subsequent Introduction of a Kinetic Molecular Barrier

The self-entanglement of a hermaphrodite molecule was recently employed by
Coutrot et al. to synthesize two novel [1]rotaxane lasso compounds, which were
also able to behave as pH-sensitive molecular switches. The synthetic route to the
mono-lasso molecular switches relies here on a two-step sequence: (1) self-entan-
glement of a hermaphrodite molecule to afford a pseudo[1]rotaxane and (2) trapping
of the macrocycle via the incorporation of a kinetic molecular barrier (Fig. 16).
The concept of introducing a molecular barrier to make the molecular machines
compartmentalized was developed anteriorly by Leigh et al. [29-33]. Coutrot et al.
extended this concept to the N-substituted triazolium series, with the aim to use the
molecular barrier as a molecular station too [34]. The self-entanglement of the
initial hermaphrodite molecule containing a template moiety (green ball) for a
macrocyclic host (in red) leads to the pseudo[1]rotaxane, via the rotation of a part of
the macrocycle (step 1, Fig. 16). At this stage, the pseudo[l]rotaxane remains in
equilibrium with its non-interlocked precursor analogue and can be trapped via the
incorporation of a kinetic molecular barrier (pink ball), as a bulky side chain, at a
reactive site of the axle located between the template moiety and the macrocycle
(step 2, Fig. 16). Bistable molecular machinery on the lasso is then possible only if
the threaded axle owns two molecular stations for the macrocycle. In this example,
the molecular barrier has been chosen and utilized so that it can also act as a
molecular station for the macrocycle, but with a much poorer affinity than the initial
template moiety. In the protonated state, the green molecular station has a better
affinity for the macrocycle than the pink molecular station, hence resulting in a

functionalizable moiety

) Step 1
T .\ self-entanglement

macrocycle

v

Template
“Stopper” moiety t . P
rapping o
Step 2 the macrocycle
Step 3
e ' Acid

kinetic molecular barrier and J
station at the same time

Fig. 16 Cartoon representation of the self-entanglement and trapping strategy proposed by
Coutrot et al.
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loosened conformation of the lasso compound. However, deprotonation of the
green molecular station triggers the shuttling of the macrocycle toward the pink
molecular station, thus causing the tightening of the lasso.

The first targeted mono-lasso has been designed so that the interlocking could be
achieved using a template strategy involving hydrogen bonds and ion—dipole
interactions between an ammonium moiety and a crown ether macrocycle [35]. The
previously prepared hermaphrodite precursor 39u consists of a benzometapheny-
lene-25-crown-8 (BMP25C8) macrocycle linked to a molecular axle which contains
both an anilinium and a triazole moiety. The anilinium was chosen as the tem-
plating site for the crown ether, whether the triazole, which is located between the
macrocycle and the anilinium station, has been chosen as the precursor of the
triazolium-based molecular barrier and second station.

Since the di-tert-butyl anilinium extremity of the molecular axle is too bulky to
thread through the macrocycle (i.e., it plays the role of a molecular “stopper”), the
only way to yield the lasso architecture relies on the self-entanglement. Thus, the
size of the crown ether appears crucial for the efficiency of the pseudo[1]rotaxane
formation. Even though a smaller macrocycle such as the dibenzo-24-crown-8 was
known to be a better host for the anilinium moiety [36] than the bigger BMP25C8,
it could not be utilized in this strategy, due to its smaller cavity (caused by its ortho-
substitution) that would not allow any self-entanglement. On the contrary, the meta
substitution of the BMP25CS enlarges the inner of the macrocycle and allows for
the free rotation around the two phenoxy substituting ¢ bonds of the aromatic ring.
This internal movement of the BMP25C8 results in the threading of the anilinium-
containing molecular axle by self-entanglement (Fig. 17).

The equilibrium between the uncomplexed hermaphrodite molecule 39u and the
pseudolasso 39 was studied. The pseudolasso was preferentially obtained in
hydrogen-bond-promoting solvents and at the lowest concentration. The best self-
entanglement (45 % of lasso 39) was obtained in dichloromethane at a concen-
tration of 5 x 10™* M, whereas the ratio of lasso 39/39u highly decreased in favor
of 39u, respectively, in acetonitrile (14 % of lasso 39), methanol (4 % of lasso 39),
and dimethylsulfoxide (0 % of lasso 39) and upon increasing the concentration in
dichloromethane (23 % of lasso 39 at 5 x 107> M).

The subsequent trapping of the pseudolasso 39 toward the stable “locked” lasso
molecular architecture was realized by benzylation of the triazole moiety (Fig. 18).
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Fig. 17 Self-entanglement of the hermaphrodite molecule 39u enclosing a BMP25C8 macrocycle
and an anilinium-containing molecular axle by Coutrot et al.
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The locked [1]rotaxane 40 was isolated in 27 % yield. At this point, the efficacy
of the barrier was demonstrated by the absence of any equilibrium between 40 and
its uncomplexed hermaphrodite analogue 40u.

The molecular machinery was then studied, and the evidences were obtained by
accurate 1D, 2D, or ROESY '"H NMR experiments of the protonated and depro-
tonated lasso molecular switches and of their respective non-interlocked analogues.
Deprotonation of the loosened lasso 40 led to the deprotonated tightened lasso 41,
via the shuttling of the BMP25C8 from the anilinium to the triazolium molecular
station. Here again, at basic pH, in the absence of the best anilinium station, the
benzylic side chain was found to be an effective molecular barrier for the
BMP25CS: Indeed, no more equilibrium was observed between the lasso com-
pounds 41 with their respective non-interlocked analogues 41u.

Inspired by the fact that lasso molecules can also be identified in nature, the same
authors pursued their research by trying to give a biological application to synthetic
lasso molecular machines. Of particular interest is the case of the different families
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of natural lasso peptides, which, for most of them, are resistant against the prote-
olytic degradation and the chemical and thermal degradation and, for some of them,
proved to inhibit the HIV replication or the gram-negative RNA polymerase. Their
very interesting biological activities essentially lie on their specific constrained
conformation. Their chemical synthesis remains a tough challenge so far, which
explains why no lasso peptide has been synthesized using chemical protocols to
date. Furthermore, natural lasso peptides are not subjected to molecular machinery,
although applying molecular machinery to a lasso peptide could be of very high
interest. For example, one may envisage that bending more or less the tridimen-
sional structure of a peptide using stimuli-responsive molecular machinery in a
lasso structure could result in the tailoring of the activity or affinity of the peptide
for, respectively, its enzyme or receptor.

Considering these words, Coutrot et al. reported a variation in the structure of the
lasso, by incorporating a tripeptide sequence between the macrocycle and the
triazolium molecular station [37]. They opted for the simplest model tripeptide
GlyGlyGly and considered if the tightening or the loosening of the lasso could
trigger a more or less bent conformation of the peptide sequence (Fig. 19).

It is noteworthy that the peptide moiety did not perturb the self-entanglement
strategy or the operation of the molecular machinery which was observed anteriorly
on the non-peptide lasso compounds 40/41. Hence, in the peptide-containing lasso
compounds 42 and 43, the authors proposed that the variation of the pH causes the
reversible protonation—deprotonation of the anilinium molecular station, therefore
the variation of the shape of the lasso which results in the modification of the
peptide shape. Beyond this preliminary and essentially chemical objective, the
extension to other peptide sequences of interest is suggested by the authors and
could open new avenues to peptide-containing molecular switches with controllable
potential medicinal applications.

Few other more sophisticated and unique lasso structures have also been recently
reported: They essentially differ from the number of threaded macrocycles. The
following section relates the synthesis and the stimuli-responsive behavior of
double-lasso molecular machines.

DIEA

1) HCI/Et,0
2) NH,PF
CH,Cly/H,0

42

Fig. 19 Molecular machinery on the pH-sensitive peptide-containing lasso molecular switch
42/43 by Coutrot et al.
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nonsymmetrical [c2]daisy chain symmetrical ends-activated [c2]daisy chain

pseudo cyclization
pseudo cyclization

double-lasso macrocycle
double-lasso macrocycle

Fig. 20 Cartoon representation of the two strategies used to prepare double-lasso molecules by
the cyclization of [c2]daisy chain precursors by Coutrot et al. a, b Synthetic pathway

4 Double-lasso Molecular Machines

Two unique double-lasso molecular architectures (Fig. 20) have been recently
reported by Coutrot et al. [38, 39]. Their preparation relies on the pseudocyclization
of a pseudo[2]rotaxane dimer (i.e., a [c2]daisy chain, for a recent review, see [40] )
containing two distinct or identical reactive extremities (Fig. 20). The synthetic
pathway (a) involves a self-assembled pseudorotaxane dimer as a key starting
material, whereas the other synthetic pathway (b) implies a stable and isolable
rotaxane dimer containing two stoppers at each extremity of the interwoven
structure.

4.1 Synthesis of Double-lasso Macrocycles
Jrom Non-symmetrical [c2]Daisy Chain

The first strategy to reach double-lasso macrocycle is essentially based on the
preparation of the non-symmetrical [c2]daisy chain enantiomers 49/49' from two
different symmetrical [c2]daisy chains 46 and 48 (Fig. 21) [38].

Analogous but shorter symmetrical dialkyne [c2]daisy chains, based on DB24C8
macrocycles and ammonium station, have been reported by Coutrot et al. anteriorly
for the conception of pH-sensitive molecular muscles [41, 42]. In the pseudo([2]
rotaxane dimers 49/49’, the alkyne and azide moieties, which are located at the
extremity of the threaded axles, were chosen in order to undergo a copper
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Fig. 21 Synthesis of the double-lasso macrocycle 50 by Coutrot et al.

(I)-catalyzed Huisgen alkyne-azide 1,3-dipolar cycloaddition (CuAAC click
chemistry), thus to create afterward a second molecular station by alkylation of the
triazole. They were obtained via the chemical exchange between two different
symmetrical diazide and dialkyne [c2]daisy chain precursors 46 and 48. These latter
were produced using a reductive amination reaction from the aldehyde derived from
the dibenzo-24-crown-8 44.

The necessary exchange between the pseudorotaxane dimers 46 and 48 occurs
quickly and leads to the non-symmetrical pseudorotaxane dimer isomers 49/49’.
Contrary to compounds 46 and 48, and due to the different alkyne and azide
extremities, the rotaxane dimer 49 is now devoid of any S, symmetry: Therefore, it
consists of a stoichiometric mixture of enantiomers. After about 60 min in
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Fig. 22 Attempt to prepare a double-lasso molecular machine by Coutrot et al.

dichloromethane, the equilibrium was reached and a statistical distribution between
46, 48, and 49 was observed by MALDI-TOF mass spectrometry (i.e., 46:48:49/49'
25:25:50). This observed statistical distribution suggests that the azide or alkyne
extremities of each hermaphrodite molecule have no influence on the [c2]daisy self-
assembling. The further in situ cyclization of the non-symmetrical pseudorotaxane
dimers 49/49' was carried out and afforded the double-lasso macrocycle 50/50' in a
51 % yield, which is in concordance with the ratio observed for precursors 49/49'.
Only traces of the tetra-lasso macrocycle 51 were detected by MALDI-TOF MS.

The authors then explored the possibility to control the change of the shape of
the novel double-lasso structure using molecular machinery. For that, the two tri-
azole moieties were efficiently methylated to create a second molecular station for
the DB24C8 macrocycles [43] (Fig. 22).

Unfortunately, neither the deprotonation nor the “one pot” carbamoylation of the
ammonium molecular stations led to any reaction that could cause the shuttling of
the macrocycles. One may suggest that one triazolium molecular station is not
sufficient to bind the two DB24C8 macrocycles.

Another strategy to yield a workable two-station double-lasso molecular
machine was envisaged by the authors, this time from a symmetrical ends-activated
[c2]daisy chain building block.

4.2 Synthesis and Operation of Double-lasso Molecular
Machines from a Symmetrical Ends-Activated [c2]Daisy
Chain Building Block

4.2.1 Synthesis of the Double-lasso Molecular Machines

In this unique example (Fig. 23), the strategy is based on the efficient preliminary
synthesis of the [c2]daisy chain building block 54, which contains at each extremity
a bulky protected glucidic stopper [39]. It can be synthesized via the CuAAC click
chemistry between the dialkyne [c2]daisy chain 48 and the azido glucuronate active
ester 53. The rotaxane dimer 54 consists of a stable and isolable building block that
can react at its extremities via its pentafluorophenyl active ester with amine moieties.
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Beyond its obvious interest as an elaborated [c2]daisy chain building block for
the synthesis of sophisticated pH-responsive polymers, the authors envisaged the
formation of double-lasso molecular machines. The pseudocyclization was
achieved in dichloromethane at high dilution using the dodecanediamine.

Two possibilities of cyclization are possible here: They are due to the attack of
the diamine either by the top of the rotaxane dimer 54, or by the bottom of it,
leading to two double-lasso rotamers 55 and 55’, that can exchange with each other
through the rotation of the pseudomacrocycle around the [c2]daisy arrangement.
Since the size of the cavity of the pseudomacrocycle is large enough, the exchange
between the two left- and right-handed helix-type rotamers appears fast at the NMR
timescale and only one set of 'H NMR signal was observed for the two isomers.
The N-methylation of the triazole moieties was then carried out in order to create
the second molecular stations (i.e., the two triazoliums) for the DB24C8
macrocycles.

4.2.2 Tightening and Loosening of the Double-lasso Molecular Machine
Triggered by a pH Variation

Contrary to the other previously discussed example of double-lasso molecule 52
which contains only one triazolium site for two macrocycles, the molecular
machine appears effective, in the present case, this being ascribed to an equal
number of triazolium stations and macrocycles. Indeed, the deprotonation by the
sodium hydroxide of the loosened double-lasso 56 triggered the shuttling of the two
DB24C8 around the triazolium stations, which led successfully to the tightened
double-lasso 57 (Fig. 24) [39].

Lasso 57 proves to be a mixture of isomers, whose exchange is impossible due
to the tightened conformation of the lasso (see section below relative to a molecular
“jump rope” movement).

Such a molecular machine, which has a cavity of a controllable shape and size,
could be of high interest for the future conception of pH-sensitive carriers. If the
lasso is well designed in terms of size and nature, one may imagine a guest com-
ponent confined in the inner cavity of the deprotonated tightened lasso, whereas it is
released upon protonation due to the loosening of the lasso that decreases the
interactions with the guest molecule.

4.2.3 “Molecular Jump Rope” Motions Dependent on Solvent Polarity
and pH

Another distinct movement in the double-lasso molecular machine 56 has also been
highlighted. It consists in a controllable rotation (otherwise named a molecular
“jump rope” movement) of the loop of the pseudomacrocycle (i.e. the rope) around
the [c2]daisy arrangement (i.e., the arms of the girl whose name is Daisy in the
cartoon representation illustrated in Fig. 25) [39]. Interestingly, this molecular jump
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rope movement could be demonstrated thanks to the 'H NMR spectroscopy,
especially in the case of a slow rotation of the rope, on the NMR timescale, around
the daisy arrangement. Indeed, if the rate of the rotation is slow on the NMR
timescale, the two rotamers become two atropoisomers (related to D-sugar and left-
or right-handed pseudohelixes) that are distinguishable by the NMR spectroscopy,
like diastereomers. For the triazole-based double-lasso 55, the exchange between
each diastereomer appears to be fast at the NMR timescale, and only one set of
signals for 55 is observed. It is not always the case for triazolium-based double-
lasso macrocycle 56. Indeed, the molecular jump rope movement appears here to be
solvent-dependent, due to the presence of the triazolium moieties which can be
closer or further away from each other, thus lowering or increasing the size of the
pseudomacrocycle cavity. In dissociating solvents such as dimethylsulfoxide or
acetonitrile, the higher repulsion between the triazolium moieties tends to enlarge
the size of the cavity of the rope, allowing a fast movement around the [c2]daisy
chain moiety. On the contrary, in the non-dissociating solvent dichloromethane, the
repulsion between the triazolium moieties is much smaller, triggering the collapse
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of the macrocyclic cavity probably also because of the presence of bifurcated
interactions between triazolium cations and hexafluorophosphate counter anions.
Hence, the inversion of the helix is hindered in the less polar solvent, and the two
rotamers 56 and 56’ are distinguishable by NMR because of the much slower
exchange on the NMR timescale. After deprotonation, compounds 57 and 57’
become atropoisomers because the tightening of the double-lasso macrocycle does
not permit anymore a free movement of the loop of the lasso around the [c2]daisy
chain, then preventing the exchange between the two right- and left-handed helix-
type structures.

5 Perspectives

Despite the few number of reported papers on [l]rotaxanes, these compounds
proved to be very appealing candidates for molecular machinery. Whereas
molecular machines based on [2]rotaxane architecture have been studied more
extensively, the [l]rotaxanes hold the same opportunity to act as molecular
machines and, in addition, they present several advantages that could give rise to
many other applications. Indeed, the difference between the two structures relies on
the presence of a linker between the macrocycle and the threaded axle, which
defines a pseudomacrocycle. The large-amplitude motion of the macrocycle along
the threaded pseudomacrocycle can lead to the tightening or the loosening of the
lasso. In these two conformational states, the linker, which can be chosen of very
different nature (peptide, saccharide, polyether, and polyaromatic), undergoes dif-
ferent conformational changes: If well designed, the incorporation of a bioactive
compound (like a peptide), as the linker, could give rise to very different biological
responses (in terms of affinity, and activity) depending on the molecular machinery.
This could constitute a new field of investigation for lasso compounds. Another
interesting purpose of the next few years could be the utilization of the lasso cavity
to host a guest molecule in only one of the two tightened or loosened states. As an
example, a drug could be encapsulated by an oligosaccharide-containing lasso only
at the loosened state, whereas the stimulus-dependent tightened conformation
would trigger the releasing of the drug as one could squeeze a sponge to extract a
substance. By comparison with cyclodextrins, which are very often used to deliver
drugs, they usually release continuously their guest components: The lasso
molecular machinery could significantly increase the qualities of a molecules carrier
by programming a wisely release. And last, but not limited to, the cavity of the lasso
compounds could be utilized as nanoreactors in order to catalyze various reactions
in only one of the different conformations of the cavity. For sure, the lasso com-
pounds have not yet given all their promises.
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Triptycene or Subphthalocyanine Wheels
and Polyaromatic Hydrocarbon
Nanovehicles

Henri-Pierre Jacquot de Rouville, Romain Garbage,
Agnés M. Sirven, Claire Kammerer and Gwénaél Rapenne

Abstract Technomimetic molecules are molecules designed to imitate macro-
scopic objects at the molecular level, also transposing the motions that these objects
are able to undergo. This chapter focuses on the synthesis and study of molecular
wheels, triptycenes and subphthalocyanines, and their introduction into nanovehi-
cles, nanowheelbarrow with two wheels and nanocars equipped with four wheels.
The architecture is based on polyaromatic hydrocarbons which provide us with an
interesting cargo zone.

Keywords Single molecule -+ STM - Wheelbarrow - Nanocars - Nanowheels -
Polyaromatic hydrocarbons - Triptycene - Subphthalocyanine

1 Introduction

The extension of the concept of a machine to the molecular level is important not
only for basic research but also for the growth of nanoscience and nanotechnology.
In the last decade, chemists have demonstrated imagination and skill in the design
and synthesis of synthetic molecular systems acting as machines at the molecular
level [1]. A molecular machine can be defined as a molecule for which a certain part
can be set into a controlled motion as a consequence of an appropriate external
stimulus [2].

Nanovehicles are molecular machines basically composed of a chassis and
wheels [3], typically one or two for a barrow [4], four for a nanocar [5], or more for
nanotrucks and nanotrains [6]. Another aspect is the options you can also add to
these simple units, the more important being an internal source of energy such as a
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motor to gain autonomy or a cargo zone to be able to transport nanoloads such as
atoms or small molecules on surfaces on a long scale.

In order to build such nanovehicle, the choice of the wheel is a very important
parameter. It must allow the entire functionalized molecule to move easily on the
surface by its rolling motion. As pioneers in the field, we proposed triptycene [7] to
act as rolling elements (wheels) [8] and synthesized the first nanovehicle [9], while
two years later, Tour’s group joined the field and prepared a family of nanovehicles
[10] consisting of a molecular-scale chassis, axles, and wheels ([60]-fullerenes at
that time) that can roll across solid surfaces. This chapter presents the main results
we obtained from the first direct proof of the rolling motion of a wheel, their
introduction in two- or four-wheel nanovehicles, to the synthesis of second gen-
eration of wheels which are bowl-shaped to minimize their interaction with the
surface.

2 Rotation of a Triptycene Wheel by STM Tip Pushing

On a surface, the mechanical motion of a single molecule is essentially classical due
to the reservoir role of the surface. Any collective motions of certain atoms subsets
in a single molecule require a specific preparation of the molecule. Pushing on a
molecule with a tip apex is a convenient way adapted to the classical motion we are
looking for. To prove the ability of the triptycene fragment to act as a wheel at the
nanoscale, we designed an axle to be able to link two wheels. The butadiyne linker
being a good candidate [11] since it allows almost a free rotation of the fragments
attached combined with a linear geometry.

2.1 A Bis(ethynyltriptycene) as Prototype of a Wheel Dimer

Triptycene [7] is a very interesting building block since its symmetry and rigidity
could be exploited on surfaces. Several examples of molecular devices not devel-
oped in this article have been reported where the key fragment is one or more
triptycenes, such as molecular gears [12, 13], motors [14], gyroscopes [15, 16], and
brakes [17, 18]. Synthesis of the 9-ethynyltriptycene wheel 1 can be performed in
three steps from commercial 9-bromoanthracene by a modified published procedure
[4] as shown in Scheme 1. The procedure involves the coupling of 9-bromoan-
thracene with a monoprotected alkyne followed by a [4 + 2] addition of benzyne
(prepared in situ by reaction of anthranilic acid with isopentylnitrite) and depro-
tection of the silyl group. The use of a (3-cyanopropyl)dimethylsilyl protecting
group, a polar analog of trimethylsilyl [19], allowed the easy separation of tripty-
cene 1 obtained after reaction with benzyne, from the starting unreacted anthracene.
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Scheme 1 Synthesis of the bis(ethynyltriptycene) wheel dimer

The Glaser homocoupling of the 9-ethynyltriptycene wheel 1 using copper(Il)
acetate gave the dimer of wheel with a butadiyne spacer (2). This model compound
has been studied as prototype of a wheel dimer.

2.2 Clean Deposition on a Cu(110) Surface

Deposition of the wheel dimer 2 on a Cu(110) surface has been achieved very
cleanly by sublimation under high vacuum [20]. Figure 1 shows the image
obtained; each bright lobe corresponds to one triptycene, and therefore, a pair of
lobe constitutes the image of a dimer as confirmed by calculations. No fragmen-
tation nor decomposition has been observed. Molecules were deposited at room
temperature. First, they saturated the step-edges and then were adsorb isolated on
terraces.

2.3 Unidirectional Rotation of the Wheel

By working at low temperature under ultra-high vacuum, it was possible to prove
the rotation of a wheel, for the first time, on a surface by inducing the translation of
the molecule with a step-by-step rotation of the wheels upon pushing with the STM
tip [20]. In order to understand the motion of this molecule in detail, it has been
important to study the manipulation signal, i.e., tunneling current at constant tip
height during the motion, because the STM images before and after manipulation
do not give information about the type of movement in between.
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Fig. 1 Image of the dimer of
wheels (1) on a Cu(110)
surface (50 x 50 nm*
U=1V,1=0.2nA)

The tip was moved across the molecular axle at constant height, while the
tunneling current was recorded at the same time. A “hat-shaped” signal appears
which has been assigned to a rolling motion of the molecular wheels. Typically, the
wheel-dimer molecules are not moved far on the surface if a rolling signal is
recorded and one wheel is left in its initial position while the other one moves. In
few cases, it has been observed the rolling of both wheels. This behavior seems to
depend on the precise shape of the tip apex, allowing access to both wheels during
manipulation (Fig. 2).

This dimer of triptycene linked to an axle was the first designed wheel to yield
rotation upon pushing of the wheels using the STM tip. It must be noted that
pushing a molecule on a surface with an STM tip necessarily induces a form of
unidirectional rotation controlled by the tip apex motion. This directionality can be

98-8 ® @ ®
J AN U |
"R | e Py

Fig. 2 a Molecular axle equipped with two triptycene wheels and b rotational motion: step 1: the
STM tip approaches the molecule; step 2: the rotation of the wheel starts; step 3: the STM tip lies
on the other side of the wheel after a 120° rotation

—
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perturbed by the surface corrugation which imposes its own directionality con-
trolled by the various stable adsorption energy locations of the molecule on the
surface.

3 Two-wheel Nanovehicles: Molecular Wheelbarrows

This result opens the way to more complex molecules designed to be capable to
undergo simultaneously translation and rotation motions. With this aim in view, we
designed a molecular wheelbarrow as a further step toward the development of
nanomachines displaying complex functionalities at the atomic scale. We synthe-
sized two prototypes of molecular wheelbarrows, undertaken following a modular
strategy which allows to vary the key parts of the molecule, in particular the region
which will be in contact with the tip of the STM during the manipulation of the
molecule.

3.1 Design

The first example ever of synthesized nanovehicle was the molecular wheelbarrow
composed of a platform, two wheels and two legs [9]. In the case of a macroscopic
wheelbarrow, pushing the wheelbarrow results in the rotation of the wheel. In
Fig. 3, a molecular analog of a wheelbarrow is shown. Its skeleton is made of
polycyclic aromatic hydrocarbons (PAHs) that, due to their rigidity, are easily
manipulated by the STM tip. The wheelbarrow is constituted of two legs (3,5-di-
tert-butylphenyl groups, in green) and two wheels (ethynyltriptycene groups, in
red) connected to a polycyclic aromatic hydrocarbon platform.

The two 3,5-di-fert-butylphenyl legs (in green) which equip the left side of the
molecule were shown to be held in a conformation in which the phenyl groups are

Fig. 3 Chemical structure of a molecular wheelbarrow (center), space-filling model showing the
minimum energy conformation of the molecular analog (right), and its macroscopic analog (leff)
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nearly perpendicular to the main aromatic board. Moreover, fert-butyl groups
connected to PAHs are also used to increase organic solubility and are easily
observed by STM techniques, inducing a good contrast in the image. The two 4-
tert-butylphenyl groups (in blue) play the role of handles for subsequent manipu-
lation with the tip of the microscope. The right side corresponds to the axle with
two 9-triptycenyl groups of C3 symmetry acting as wheels (in red). Figure 5 (right)
shows one of the possible conformations of this molecule obtained by semiem-
pirical calculation with the two three-cogged wheels which can freely rotate around
the axle due to the acetylenic spacers.

3.2 Synthesis

The synthesis of the molecular wheelbarrow has been achieved in 12 steps and an
overall yield of 2 % [9]. As shown on Scheme 2, our strategy used the repetition of
a double Kneevenagel-Diels—Alder reaction sequence on an a-diketo fragment.
The first sequence allows the connection of the two 3,5-di-fers-butylphenyl legs,
while the second sequence provides the precursor for wheels connection. For that
purpose, we selected 1,3-di(4-iodophenyl)propan-2-one to introduce iodine centers
via a double Kncevenagel condensation. Finally, a double Sonogashira coupling
yields the molecular wheelbarrow.

® > ¢
2a 0 —b> O 0 LN O O OL
80% G.Q. 97% O O’Q’ 60% O O’Q’ 0 100%
9. 0 <
)

Scheme 2 Synthesis of a molecular wheelbarrow: reagents and conditions: a EtOH, 20 h, Ar,
20 °C; b di(4-tert-butylphenyl)acetylene, diphenylether, 16 h, Ar, reflux; ¢ (C¢HsSeO),0,
chlorobenzene, 62 h, Ar, reflux; d 1,3-di(4-iodophenyl)propan-2-one, KOH, EtOH, Ar, reflux; e di
(4-tolyl)acetylene, diphenylether, 16 h, Ar, reflux; f 9-ethynyltriptycene, Pd(PPhs), 10 mol%, Cul
20 mol%, Piperidine-THF (1:1), 24 h, Ar, 20 °C, 46 %
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The starting cyclopentadienone was obtained via a first double Kncevenagel
reaction of 1,3-bis(3,5-di-tert-butylphenyl)propan-2-one with diketopyracene (step
a). The Diels—Alder reaction of the cyclopentadienone with di(4-tert-butylphenyl)
acetylene (step b) provided an ethane-bridged precursor with a 97 % yield. The 'H-
NMR spectrum clearly showed the 2:1 ratio between the different types of tert-butyl
groups. Oxidation of the ethane bridge of the pyracene fragment with benzenese-
leninic anhydride (step c) yielded the diketo fragment necessary for the connection
of the second axle. This is the key step of our strategy. Halogens are introduced at
this stage for subsequent coupling in order to connect the triptycene wheels. The
following double Kncevenagel condensation with 1,3-di(4-iodophenyl)propan-2-
one (step d) followed by another Diels—Alder reaction with di(4-tolyl)acetylene
provided the diiodo precursor with 30 % yield (step ). The two wheels were then
simultaneously covalently attached to the axle by a double coupling of 9-eth-
ynyltriptycene under classical Sonogashira conditions (step f). The double coupling
afforded the molecular wheelbarrow 3 in 46 % yield.

Interaction between the STM tip and the molecule is a key issue that is why it is
interesting to prepare wheelbarrows with different handles. With our modular
strategy, this is possible to vary the handles by using different dienophile deriva-
tives in step b. For instance, the use of acenaphthylene instead of di(4-fert-butyl-
phenyl)acetylene gave access to an alternative wheelbarrow (4) with a more rigid
and aromatic handle fragment (Fig. 4).

Fig. 4 Alternative wheelbarrow with different handles

3.3 Deposition and STM Study as a Single Molecule

Such a molecular-scale machine inevitably displays a high level of complexity due
to the integration of several functionalities on the same molecule. This complexity
is reflected in the relatively large molecular weight of the wheelbarrow
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Fig. 5 Experimental STM image of the molecular wheelbarrow on Cu(100) (leff) and the
molecular conformation (right) corresponding to the ESQC calculated image (center)

(1,802 g-mol™"), which is a general problem for the deposition of large molecules
due to the possibility of thermal fragmentation. In the present case, the required
linear wheel axle includes two thermally sensitive triple bonds. However, we
successfully imaged a few intact molecular wheelbarrows on a Cu(100) surface as
shown in Fig. 5 and identified by comparison with calculated images [21]. As
expected for such a complex chemical structure, it leads to a rather complicated
STM image, dominated by three intense maxima separated by various weaker
structures. Because of the characteristic dimensions and the equivalency of different
molecules in the STM images, it is very likely that intact molecular wheelbarrows
have been imaged.

Manipulation resulted in a change of conformation of the molecule which
confirmed us the molecularity of the object observed, the spots observed are not an
assembly of fragments. Unfortunately, lateral motion of the wheelbarrow was not
possible. This was explained by a very strong interaction between the molecule and
the metallic surface of copper used in our experiments especially due to the
deformation of the triptycene wheels which tend to strongly physisorb by parall-
elization of the two phenyl rings close to the surface. The initial angle of 120°
between two phenyl rings of the triptycene in the gas phase approached 140° on a
copper surface.

4 Alternative Wheels: The Subphthalocyanines

4.1 How to Decrease the Molecule-surface Interaction

To obtain movable molecules, we designed, synthesized, and imaged a new family
of nanowheels, the subphthalocyanines which combine the strong rigidity of their
backbone with a low interaction with the surface. Molecule-surface interaction is
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particularly important when the aromatic fragments can be parallel to the metallic
surface by deformation of the molecule but thanks to a bowl-shaped structure and
their orthogonal connection which bring impossible to have them parallel with the
surface [22]. Therefore, combining a strong rigidity and a low affinity for the
surface should facilitate a rolling motion of the wheel.

In our design, we also added a tag to be able to directly follow the rolling motion
of the wheel just by imaging the molecule [23], while it was only previously
possible by a fine study of the variation of the time dependant variations of tun-
neling electric current intensity passing from the tip to the surface through the
pushed molecule during its manipulation.

As shown in Fig. 6, the first nanowheel is symmetric while the second one
integrates a tag on one of the three subunits (an additional nitrogen atom on the
periphery of the molecule). The molecular modeling also presents the curvature of
this building block.

4.2 Synthesis of Symmetric and Dissymmetric
Subphthalocyanines

Reaction of 1,2-dicyanobenzene with boron trichloride in a two-phase system
composed of a 1:1 mixture of o-xylene and hexane gave the boron subphthalocy-
anine chloride symmetric wheel (Scheme 3, X=CH) [22]. The dissymmetrized
wheel (Scheme 3, X=N) was synthesized following a statistical reaction. Two
equivalents of 1,2-dicyanobenzene were reacted in the presence of boron trichloride
with one equivalent of 3,4-dicyanopyridine.
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Scheme 3 Synthesis of the symmetric (X=CH) or tagged subphthalocyanine (X=N) and
formation of the axle equipped with two tagged wheels; the CPK model illustrates the curvature of
the wheels
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Fig. 7 STM images of the dimer of tagged nanowheels on Au(111) with both tags up (a) and only
one tag up (c¢) (2.25 x 2.5 nm?, V=0.12V, =20 pA). When the tag is down, the wheel appears as
a smaller lobe. The vertical line indicates the direction of the linescans in (b) and (d)

Synthesis of the dissymmetrized wheel dimers bridged by an acetylene spacer
was achieved in a single step by reaction of the wheel with ethynylmagnesium
bromide. After chromatography, the 2-wheel equipped axle was obtained as a dark
purple solid. Surprisingly, both carbon atoms of ethynylmagnesium bromide
reacted in a one-pot fashion, allowing the formation of the dimers in a single step,
while a two-step process was initially envisaged.

4.3 Deposition and STM Study as a Single Molecule

STM images of the molecule recorded at low temperature in ultra-high vacuum
displayed two types of conformation of the wheels (Fig. 7). There is a large dif-
ference between a wheel with the tag up and a wheel with the tag down. The former
one appears with a larger lobe compared to the latter. This asymmetry, as antici-
pated by our ESQC STM image calculations [13], corresponds to different positions
of the nitrogen tags. In Fig. 7a, both tags are pointing up, whereas in Fig. 7c, one of
the tags is pointing down.

Due to the efficiency of the tag, LT-UHV STM imaging has proven sufficient to
identify the conformation of the wheels on the surface and is thus expected to be
sufficient to prove the rotation in future nanovehicles equipped with such subpht-
halocyanine wheels.

5 Four-wheel Nanovehicles: Molecular Nanocars

5.1 Design

The next step has been to synthesize nanovehicles with four wheels, i.e., the
nanocars [5]. For this purpose, we have developed the synthesis of a larger chassis,
compared to the wheelbarrow, to be able to sterically accommodate the four wheels
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on the same molecular structure. For this purpose, our nanocars have been built
around a perylene chassis.

5.2 Synthesis of a Nanovehicle

As shown on Scheme 4, our strategy starts from the synthesis of di(4-iodophenyl)
cyclopentadienone which has been obtained from a double Kncevenagel reaction
between acenaphthenequinone and 1,3-di(4-iodophenyl)propan-2-one under basic
conditions (step a). Then, a Diels—Alder reaction with 1,2-di(3,5-di-fert-butyl-
phenyl)ethyne gave, after aromatization by evolution of carbon monoxide, the half-
chassis (step b) which was dimerized following a Scholl-type oxidative coupling
using FeCl; as oxidant (step c).

Unfortunately, our methodology did not allow us to connect the subphthalocy-
anine wheels. In a last step, the chassis was equipped with four ethynyltriptycenyl
wheels to yield our first prototype of nanocar. Again, the triptycenyl wheels were
covalently attached on this platform through ethynyl spacers to ensure a very low
rotation barrier [11]. As a consequence, like in the case of molecular wheelbarrows,
nanocars equipped with triptycene wheels will be unable to move because of the
strong physisorption of the triptycene groups on metallic surfaces. But to overcome

Scheme 4 Synthesis of a nanocar. a KOH, RT, 2 h, Ar; b 1,2-di(3,5-di-tert-butylphenyl)ethyne,
Ph,O, 250 °C, MW (300 W), 45 min; ¢ FeClz 25 eq, CH,Cl,: CH3NO, (9:1), Ar; d 9-
ethynyltriptycene 10 eq, Pd(PPh3), 10 %, Cul 20 %, piperidine: THF (1:1), 80 °C, 6 h, Ar
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this problem, we are currently exploring the potentiality of semi-conducting sur-
faces such as SmSi or SiB, where the triptycene fragments have shown to be easily
movable in a controlled way [24, 25]. These semi-conducting surfaces are poten-
tially very interesting, since the study can be performed at room temperature. This is
very important to start to develop practical applications.

5.3 Synthesis of Different Polyaromatic Chassis

To improve the cargo zone of our chassis, we also explored the formation of curved
chassis. Using the same synthetic scheme as before which allowed us to obtain
planar chassis (Scheme 4), we replaced 3,5-di-tert-butylphenyl fragments by 4-tert-
butylphenyl building blocks. In this case, dimerization of the half-chassis following
the same Scholl-type oxidative coupling gave an overcyclized perylene platform
bearing six additional C—C bonds (8) shown in bold on Scheme 5.

A geometry optimization showed that this overcyclized chassis has a curved
shape at both extremities (Fig. 8). This specificity is of interest, since it provides an

Scheme 5 Synthesis of a new curved polyaromatic platform. a Ph,O, 260 °C, microwaves
(300 W), 45 min; b FeCl; 25 eq, CH,Cl,: CH3NO, (9:1), RT, 15 min Ar. The additional
unexpected carbon—carbon bonds obtained are highlighted in bold

Fig. 8 Chemical structure of nanocar 7 with a planar chassis (leff) and side view of the optimized
geometry of the overcyclized tetraiodinated precursor 8 showing the curvature of the polyaromatic
fragment (right)
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appropriate shape to act as cargo zone. As in fullerenes, this geometry can be
simply explained by the presence of alternating five- and six-membered rings in the
polycyclic aromatic hydrocarbon platform. The last step consisted to connect the
four triptycene wheels via a quadruple Sonogashira coupling and successfully
formed the corresponding nanovehicle in 34 % yield.

6 Conclusion and Perspectives

In summary, we have presented the design and the synthesis of polyaromatic
hydrocarbons designed by analogy with macroscopic wheels, wheelbarrows, and
nanocars. In terms of synthesis, the next step is now to build more complex
architectures such as a nanocar with four wheels or a family of nanotrucks with six
to twelve wheels. Since polyaromatic hydrocarbon molecules allow us to transport
atoms on a small distance of a few nanometers, we hope that a molecule equipped
with wheels will be capable to move atoms or small molecules around over large
distances across surfaces, with potentials applications in molecular electronics.

As source of propulsion we are using the tunneling electrons from the STM tip
like it has been done very recently to rotate clockwise or anticlockwise a molecular
motor [26]. Chemical propulsion from a chemical reaction, the Ring Opening
Metathesis Polymerization, has been explored by Tour [27], but the major draw-
back of this strategy is the generation of waste on the surface. Of course light,
without waste and need of nanoconnection (necessary in the case of electrons as
energy source), is very attractive and an example has been described recently by
Feringa [28]. However, this is very difficult to transform the isomerisation of some
enlightened fragment to a controlled motion on a surface.

As perspective, one can imagine to obtain in the future, functional nanovehicles
for the world’s technological needs. Anyway, there is also a lot to learn on the
behavior of single molecules at the nanoscale for the progress of all the fields
connecting to nanosciences.
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The Design of a Single-Molecule Motor

Jorge Echeverria and Christian Joachim

Abstract Several methods have been developed in the last decades to manipulate
molecules on surfaces using the tip of a scanning tunneling microscope. Some of
those molecules have been designed with the aim of achieving controllable uni-
directional motion and, eventually, to generate a motive power and perform work.
Single-molecule motors have been mainly inspired by their macroscopic analogous,
and their capacity to act as real motors is fairly limited to date. Here, we present
some advances in the understanding of molecule motors based on their chemical
composition and on their intramolecular electronic characteristics. Thinking of a
single-molecule motor as a molecule with specific electronic states and thousands of
mechanical degrees of freedom will open the path for the design of new improved
and more efficient prototypes.

1 Introduction

A molecular motor is a single molecule able to transform external energy to motive
power. On a surface, movement can be linear or rotatory and able to move atomic-
scale objects or small molecules at a predetermined location. Up to now, mainly,
molecule rotors have been explored expecting that some will eventually demon-
strate a motor functioning. It is also a general belief that if a single and small
molecule can be put in a random rotation state and stopped at will on a surface, it
may be too small in size (or in number of internal degrees of freedom) to drive an
external load as compared to a macromolecular motor.
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For a rotating molecule motor to deliver some work alone, a first condition is that it
can be driven unidirectionally in a controlled way. One-way rotations have been
recently demonstrated with simple molecular structures [1] and with more elaborated
molecules where the rotation potential energy profile is independent of the supporting
surface and governed mainly by intramolecular interactions. It remains to be deter-
mined how adding an atomic-scale load to such a molecular motor will stop its one-
way rotation. In this chapter, we gradually discuss how to design a molecular motor.
In a first section, we use macroscopic intuition for the design, deviating from it when
necessary. In the second section, the different types of molecular dynamics for the
rotator are discussed from an ideal coherent quantum behavior to the more useful
semi-classical rotational motion. In the third section, the conditions on the rotation
potential energy hypersurface of its electronic states are given for a one-way rotation.
It is also explained how to maintain the rotation when increasing the motor load.
Finally, possible measurements of the motive power of a single-molecule motor will
be presented including the use of solid-state nanomechanical devices.

2 The Intuitive Design of a Molecular motor

A rotating molecular motor is made of a rotator, an atomic-scale axle and a stator to be
adsorbed on a surface. The surface itself can also play the role of a stator, but it is more
interesting that the stator is a rigid chemical group part of the molecular motor and
holding the atomic-scale axle as in the example presented in Fig. 1 [2, 3]. In this case,
the energetics of the rotation will be controlled intrinsically by the intramolecular

Fig. 1 The detailed chemical
structure of a molecular
motor. The rotation angle 6 is
defined along the axis passing
through the Ru atom and the
centroid of the central phenyl
ring. ¢ is the flipping dihedral
angle in one arm of the
rotator, and y is a leg
deformation angle
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mechanics of the molecular motor itself. This is clearly an advantage to fine-tune the
rotator properties independently from the atomic-scale properties of the supporting
surface. However, this can also be inconvenient when the atomic-scale object driven
by the molecular motor is too small to interact with the top rotator.

Molecular structures like the one presented in Fig. 1 are directly inspired by the
known structures of macroscopic motors. However, in terms of structure and static
properties, there are notable differences between the two. First, a molecular struc-
ture is not a rigid body. Consequently, the relationship between the expected one-
way rotation of the top rotator around its atomic-scale axle and the detailed motion
of each atom composing the rotator is not quite direct as for example in a mac-
roscopic rigid body benefiting from material cohesion. Second, like any molecules,
a molecular motor is characterized by its electronic ground and excited states. This
means that the rotator rotation can be controlled, for example, by delivering energy
to the ground-state ro-vibrational states, to the excited states, or to a mixing of both
playing with the lifetime of the excited states. This spectral characteristic is cer-
tainly absent in a macroscopic-scale motor and in a micromotor, and difficult to
master in a protein macromolecular motor.

In the Born—Oppenheimer approximation, each molecular motor E,(Ry, ..., R,)
electronic state depends on the detailed vector coordinates (Ry, ..., R,) of all atoms
constituting the molecular motor. To track the rotation of the rotator and the
eventual deformations of the molecular structure while rotating or loading, one has
to perform a coordinate transformation passing from the Cartesian to the so-called
internal coordinates of the molecular structure. In that case and, for example, for the
Fig. 1 molecular motor, the important coordinate is the 8 rotation angle of the
rotator. But aside from the 6 angle, there are in general 3 sets of internal coordinates
to describe the mechanics of a molecular motor: the main intramolecular defor-
mation angles (like the ¢ and the y in Fig. 1), the intermediate conformation angles
of the rotator, and the stator chemical structure plus also all the interatomic
vibration modes of the molecule motor chemical structure. The 6 angle plus the
main intramolecular conformation angles are in general small in number in com-
parison with all other intramolecular degrees of freedom.

Generally, there is a tendency in the literature to consider only 6 and the ones
corresponding to ¢ and the y when going from the E, (R, ..., R,) to the internal
coordinates Born—Oppenheimer potential energy surfaces. For the Fig. 1 molecular
motor, this leads to a E,(0, ¢y, ... ¢s, 1, ... x3) potential energy surface depending
on nine angles: the top rotor rotation angle ¢ around the central Ru axis, five
flipping angles ¢, to @5 of the five rotor phenyl arms, and three stator legs’
deformation angles y; to y3. Even with those nine coordinates, the corresponding
Eo(0, @1, ... 95, x1, ... x3) ground-state potential energy surface is considerably
difficult to design and then to master since all the intramolecular mechanisms of the
motor will be described by plotting a path on the surface to take into account the
change of the selected internal coordinate as a function of . When passing from
Cartesian to internal coordinates, the coordinate reduction is valid only if during a
free rotation of the rotator, there is not so much deformations of its background
chemical structure. This approximation will be much more critical for a molecular
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motor loaded with a nanoscale load, where the motive power of the motor (if any)
will necessarily induce a deformation of its molecular structure when transferring a
part of its motion to the load.

Having separated the important and not important internal degrees of freedom to
describe the functioning of a molecular motor, the intuitive awaited characteristic of
its ground-state potential energy surface is the presence of a ratchet effect when
developing the 0 rotation trajectory on the surface. For the Fig. 1 molecular motor
and starting from one of the possible Ey(6, ¢y, ... ¢s, X1, -.. ¥3) energy minima, a
simple way to characterize this 6 rotating trajectory is to increase 6 step by step,
exclusively clockwise or anticlockwise, while minimizing the molecule motor
potential energy for each 8 on Ey(6, ¢y, ... ¢s, x1, -.. x3)- This delivers a 0
parametric rotation trajectory on the Ey(0, ¢y, ... ¢s, 1, -.. x3) manifold. For the
Fig. 1 motor, this 8 parametric trajectory was calculated using the ASED+ semi-
empirical technique [4]. Along this rotation trajectory, the resulting Ey(¢) potential
energy curve for the Fig. 1 motor is highly asymmetric, with a potential barrier
height of AV = 0.25 eV as presented in Fig. 2. In this case, the combination of the
rotor upper Cs and the stator lower C3 concurrent symmetries [5] leads to fifteen
potential wells per turn. This periodic series of barriers along the 6 trajectory is due
to the interaction between the 5 phenyl rings of the rotator arms and the three motor
legs attached to the metal surface. During the clockwise (or anticlockwise) rotation
and every time one arm interacts with one leg, the corresponding phenyl ring flips
in order to avoid the leg and the latter is consequently deformed. On the Fig. 2
curve, this results in a ratchet-like potential energy variation.

However, the asymmetry calculated along the rotation trajectory on the ground-
state Eo(6, @1, ... ¢s, x1, --- x3) potential energy surface is artificial because it is
created by forcing the rotation in a given direction during the step-by-step 6
increase. There is no asymmetry when passing from one minimum to the next on
Eo(8, @1, ... s, x1, ... x3) and, thus, no breaking of the microreversibility principle.
Therefore, by forcing a 6 rotation, we are anticipating the good functioning of the
molecule motor but not demonstrating it. Therefore, an ideal one-way rotation
trajectory was created on Ey(6, @1, ... ¢s, x1, ... x3) by such forced rotation as if the
rotor was already rotating one way instead of finding the optimized excitation
process to approach such possible “ideal” ratchet-like rotation trajectory.

0.3
0.25
0.2
0.15
0.1
0.05

Energy (eV)

0 30 60 90 120 150 180 210 240 270 300 330 360
Angle (degree)

Fig. 2 The asymmetric potential energy profile for a forced rotation of the top rotator of the Fig. 1
molecular motor during a complete 360° turn of the rotator
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Since the number of degrees of freedom is generally quite large, the ones to
consider, the ones to minimize, and the ones to freeze must be carefully chosen to
model the intramolecular mechanics of a molecular motor. To describe the func-
tioning of many molecular motors like the one presented in Fig. 1, at least two
degrees of freedom, the 6 rotation angle, and a generic torsion angle ¢ must be
considered and not only 8 as used to plot the Fig. 2. For example, with the Fig. 1
molecular motor, this torsion angle ¢ can be defined by the dihedral angle between
a given phenyl ring of the rotor and the central cyclopentadienyl ring. In this case, a
model Ey(0, ¢) ground-state potential energy surface is constructed to maintain the
essential of the mechanical behavior of the motor:

Eo(0,0) = Vosin2(0/L + ¢) cos2(0/L + @)™ + ke® (1)

where L is the period along the rotation angle. Instead of the fifteen minima of the
Fig. 1 molecule motor, the number of minima was limited here to four per turn (L= 1)
to simplify the analysis. However, the potential (1) can be easily adapted to molecule
motors with a different number of arms by simply modifying the value of the period
L. During the rotor rotation, the steric repulsion between a rotor phenyl and one of the
three stator legs is taken into account in (1) by a ¢ [6] term (with k=5 X 1073 J for the
Fig. 1 molecule). V, models the energy barrier height and k the strength of the
deformation. This Ey(8, ¢) periodic potential energy surface is presented in Fig. 3.

On the Ey(0, ¢) surface and going from one minimum A to one minimum B,
there is no symmetry breaking and therefore no native way to favor more the up
trajectory in pink that the down one in yellow. A ratchet effect will appear here only
when a 6 rotation is forced on the potential surface. In this case and following a
given rotation direction, the energy variation on the minimized Ey(f, ¢); for
example, using the standard nudged elastic band (NEB) method [6] will lead to a 8
parametric potential energy curve similar to the one presented in Fig. 2.

In order to provide a net electronic energy to a molecular motor, its E,(Ry, ...,
R,) electronic excited states for p > 0 must be involved in the mechanism of

Fig. 3 Potential energy 08
surface given by (1), used to 2 07
simulate the ground-state
Ey(6, ¢) of a molecule motor. 4 06
The lateral bar represents the o 05
scale of Ey(0, ¢) in eV for g
Vo=1eV g0 0.4
4
8 03
1
0.2
2 01
0

Rotation angle
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rotation. Nowadays, their detailed description is still very delicate, especially for
molecular structure like the Fig. 1 molecule. In this particular case, we have con-
sidered that the first excited states are described by single Slater determinants using
several unoccupied monoelectronic molecular electronic states. This leads to a first
approximation of the first E,(0, ¢4, ... ¢s, x1, ... x3) excited states of the motor. We
have also assumed that the coordinate changes from E (R, ..., R,) to E,(0, ¢y, ...
®s, X1, --- x3) are valid, i.e., that the same internal coordinates can be used for both
the ground and these first excited states. Since our goal here is to demonstrate how
the excited states can be used to reach unidirectional rotation, the excited states’
potential energy surface can be described using the same genuine (6, @) internal
coordinates as the ground state, using now the corresponding E,(0, ¢) potential
energy surfaces associated with the rotation [7]. For simplicity, we can select (1) for
the analytic expression of the first excited-state E(6, ¢) and include, for example, a
shifting term in the first excited-state E1(6, ¢) to change the angular position of its
minima relative to Ey(6, ¢).

3 Toward a Semi-classical Rotation Dynamics on a Surface

After building a general model for representing the potential energy surfaces of a
molecule motor, the next step is to construct its general equations of motion. A
preparation of the molecule motor in a coherent non-stationary quantum superpo-
sition of states by mixing its ground and some molecule electronic excited states
will provide the energy required to drive the rotation [8]. But only one initial
preparation in time will not be enough to ensure a regular motion, and not at all
enough to bring some motive power. In both cases, the molecular motor will loose
very fast its coherence, that is, the coherence of its initial quantum preparation,
whatever the precise preparation of the initial ro-vibrational wave packet. The
reason is that a preparation of a coherent state of rotation is so delicate that the large
number of degrees of freedom of a molecule motor are going to introduce very rapid
decoherence processes. Therefore, this preparation has to be cyclic in time and the
result of this quantum control will be only measurable by following the quantum-
averaged rotation angle <> and the quantum-averaged deformation angle <¢>. For
those two angles used in our molecular motor model, the well-known modulus—
argument Madelung decomposition can be used to construct the system of semi-
classical dynamic equations of motion:

Iddi? =—Vo (Z len (0) " En (0, @)) - v%Jr F(t)a (2)
Idd<t(2p> = _v‘l’ (Z |Cn(l)|2En(0a QD)) - 7% + F(Z)a (3)
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Figure 1 molecular rotor is a good example to provide some order of magnitude
for all the parameters appearing in (2) and (3). The rotator can be considered as a
disk of mass m = 600 amu and of radius a = 1 nm leading to an extremely small
I =10"** kg m* momentum of inertia with respect to 6. Of course, the Fig. 1 rotor is
not a homogeneous disk of matter. However, in this case, considering only the 8
rotation angle is a good enough approximation. A friction coefficient
y=35x 103! kg m? s~! can be also chosen to run (2) and (3) in an overdamped
regime after analyzing the damping behavior of the system. This friction is smaller
than the value calculated for a Xe atom sliding on a silver surface [9]. Critically
damped and slightly underdamped scenarios have been also tested with similar
results. In (3), the momentum of inertia of the rotation along ¢ is certainly smaller
(around 10™** kg m?) than in (2). However, we have observed by performing a few
test calculations that this difference has very little effect on the dynamic behavior of
the (2) and (3) equation system, with a small decrease in the final speed of about
2 % by taking a different value. Accordingly, the same value of I = 10~** kg m* was
used both in (2) and (3). Notice also that we have not taken into account the
presence of thermal noise in our model since most of the experiments exploring
single-molecule motors on a surface are up to now performed at very low tem-
perature [10].

The coherent non-stationary preparation is described in (2) and (3) by the
c,(f) summation over the E, (0, ¢) electronic ground and excited states’ potential
energy surfaces. If the superposition coherence is preserved step by step along the
rotation time, a semi-classical motion will result. The motion is based on the
multiple potential energy surfaces E, (8, ¢) employed for the dynamics and
according to the c,(f) amplitudes of the superposition. However, such coherence is
very difficult to preserve on the long run even by a very regular repreparation of the
superposition. All the c,(f) for n > 0 will progressively decay in time toward the
ground state with an average decay rate f. In (2) and (3), the external driving force
F(?) is there to sustain a rotation and compensate for decoherence and relaxation.

Considering the E((6, ¢) ground state, one E(6, ¢) excited state only, and the
decay rate f§ between this first excited and the ground state, a new system of
equations can be derived from (2) and (3) to describe the molecule motor dynamics.
The new system takes into account the total decoherence of the superposition
included in (2) and (3). To construct (4) and (5) below, we have supposed that the
¢,(f) quantum amplitude can be substituted by non-quantum beat-like coefficients
just preserving their exponential decay time-dependent envelop and renormalizing
the relaxation process toward the ground state as compared to the population of the
preserved first excited state in the model.

Idzg— 1—er Eo (0
@—Z—( —e MI(t — 1;)VoEo (0, 9) W

+Z e P (1 — 1,)VEL (0, ) — /—+ZFaF r—1)
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—F — Z—(l — e MT(t — 1)V, Eo(0, 9)
(5)
+Z P(t — 1)V ,E (0, @) —“/

+ZFaFt—t,

where I'(t — 1;) is a time-shifted step function that permits the force F' to act at a
given time series #; and to reset the excited-state preparation with a total depopu-
lation of the ground state. Therefore, there is no more coherence in (4) and (5)
between the ground and the excited states than it was in (2) and (3). Notice also that
the quantum-averaged rotation angle <6> and the quantum-averaged deformation
angle <¢> are now classical mechanical variables.

4 Conditions for a One-Way Rotation and Motive Power

Before discussing the optimization of the F(f) excitation to drive a rotor, clockwise
or anticlockwise, with Egs. (4) and (5), let us first comment on what happens when
the rotor is driven only in its Ey(f, ¢) ground state by a simple external random
force F(f). In this case, the systems (4) and (5) simply reduce to the system:

d?0 do
Iﬁ = —VyEy(0, ) — /a + F(t)a (6)
L 0,0) =722 4 F () (7)
az . Ven el iy @

A Gaussian distributed F(¢) driving force was applied randomly half of the times
on (6) and half of the times on (7). The system (6) and (7) is solved using a Verlet-
like algorithm based on the finite differences method. Due to the extremely small
I value, much care has been taken to ensure the stability of the numerical solutions.
After exploring different friction parameters relative to the average F() strength, for
finite V, value and on the ground-state potential energy surface Ey(6, ¢) given by
(1), it was not possible to construct a @ trajectory on the Fig. 3 surface corre-
sponding to a one-way rotation of the rotor even if F(f) is time correlated. In that
case, the motion of the system remains chaotic and no net one-way rotation is
achieved, as shown in Fig. 4. This fact is in good agreement with the general
behavior of Brownian motors, which cannot undergo directed motion even in an
anisotropic medium [11]. Notice that if a forced one-way rotation on the Fig. 3
surface would exist, it would produce a parametric E(0) potential energy curve as
presented in Fig. 2 having a ratchet-like aspect ratio. Such a dimension reduction of
the potential energy surface will artificially introduce a ratchet effect, and the 1D
dynamical equation driven by the Gaussian F(¢) used in this section will lead to an
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Fig. 4 Chaotic behavior of 600 r T r T T T T T T
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apparent one-way rotation. However, that is a wrong approximation since what can
be called the ratchet angle ¢ would not be taken into account.

4.1 Driving a One-Way Rotation with a Shot Noise

To drive the rotation of a molecule motor, we consider below the power delivered
to the molecular motor by a tunneling current passing through the molecular motor.
This requires first to bias the tunneling junction with a voltage in the order of a few
volts to reach the excited-state electronic tunneling resonances of the so constituted
molecular junction. To target very specific molecular electronic states of the mol-
ecule motor, nanoelectrodes ending with an atomic tip apex must be used to be sure
that the atoms at the end of those apex are electronically overlapping with specific
molecular orbitals of the molecular motor rotor. In such a molecular tunneling
junction, the tunneling current intensity through the molecule is the result of billions
of electron transfers per second happening at random time. The temperature-inde-
pendent statistical time distribution of the random process is a Poisson distribution
[12]. Its first momentum gives the average tunneling current intensity through the
molecule depending on the bias voltage used, whereas its second momentum
measures the time fluctuations of this intensity and is characteristic of the shot
noise.

The force F during each excitation in (4) and (5) can be constant for all random
distributed #; or also be random in strength, following, for example, a Gaussian
distribution. For a tunneling current, the first case is equivalent to consider that each
electron transfer event through the molecule is inelastically active. This is certainly
not the case in a molecular tunnel junction [12]. Therefore, a Gaussian distribution
for F along the random ¢; represents better the low efficiency of an inelastic tun-
neling excitation. By selecting a Poisson time-dependent excitation distribution at #,
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the energy is provided to the molecular motor by the shot noise. The E (6, ¢)
excited state is driven here at each time #;,, when a zero-mean Gaussian distributed
F is applied to the molecule. Moreover, F must act on € or ¢ with an equal
probability over time.

Unlike in (6) and (7), where the process is based only on ground-state excita-
tions, a one-way rotation trajectory is now obtained with (4) and (5) using the
above-described Poisson noise and with both Ey(#, ¢) and E{(6, ¢) being fully
symmetric in 6 and ¢. As presented in Fig. 5, the necessary condition for such a
rotation is a shift of the E(f, ¢) minima relative to the Ey(6, ) ones. The rotation
stops when there is a coincidence between a E{(0, ) minimum and a Ey(6, ¢)
maximum or between the E (6, ¢) and Ey(6, ¢) minima. Notice that such behavior
was previously reported in another context for the directed transport of Brownian
particles in a double symmetric potential [13].

According to Fig. 5, a change in the rotation direction is obtained by changing
the min—max relative shift between Ey(0, ¢) and E(0, ¢). This fact was observed
experimentally with the Fig. la molecular motor by locating the tip apex of the
STM on different rotor arms to be coupled to different excited states of the molecule
at the same positive bias voltage range [7]. This gives a design rule for new
molecular motors with a possible reversible choice of the rotation direction since
excited states with different min—max relative shifts with respect to the ground state
can be reached depending on the location of the excitation. Knowing the detailed
topology of the excited electronic states’ potential energy surface of a molecular
motor becomes now an important part of its design. For instance, an elegant
example of a molecule able to shift its min—-max using hydrogen bonds was recently
reported by Frutos et al. [14].

With the same barrier height (0.25 eV) in Ey(f, ¢) and E(6, ¢), a molecular
motor of the type presented in Fig. 1 is able to rotate one way in a controllable
manner for an average Gaussian F' larger than 0.2 pN. The necessary condition is

Fig. 5 Effect of the electronic 2
state shift on the rotation
efficiency and direction for a
model with a symmetric
ground state and a symmetric
excited state. The average
time between hits is 3.5 ns for
a 10 ms simulation
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that the E(6, ¢) and E (6, ¢) min—max are shifted as discussed above and presented
in Fig. 4. The average time interval between two #; that forges the Poisson distri-
bution in (4) and (5) must also be tuned in order to get a stable unidirectional
rotation. For example, according to the solution of (4) and (5) and for an excited-
state decay time A~ of 1 ns, the rotor of the molecular motor rotates one way for an
average time separation between two #; larger than 0.35 ns, reaching a maximum
rotation speed at a 1.25 ns ¢; interval. After this threshold, the average speed decays
exponentially due to the decrease in the energy supplied to the molecule per unit of
time as presented in Fig. 6. Therefore, when f decreases, that is for very long E/ (6,
) lifetimes, it is necessary to increase the average excitation time further in order to
keep control of the rotation.

The control of the rotation is better when the average time interval between two
t; is long enough as compared to the lifetime of the excited state (here longer than
2 ns). For example, the same rotation velocity is reached (~7.5 x 10° turns/s) when
the system is driven with an average interval of 0.35 ns or of 7 ns between two
consecutive #; leads. This corresponds to a tunneling current intensity below 1 nA.
However, notice that the energy provided in the first case to the molecular motor is
twenty times larger than in the second and, thus, the rotation efficiency will be
significantly different for both cases. A representation of the two rotation behaviors
is presented in Fig. 7.

4.2 The Motive Power

To evaluate how a molecular motor following (4) and (5) can move a load, this
system of equations was solved again while applying a constant antagonist force to
the rotation direction in (4). As shown in Fig. 8 and at its maximum speed, the
motor is able to work against forces up to 0.65 pN. This value is in good agreement
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Fig. 8 Average rotation
velocity of the molecular
motor as a function of the
load. The load is modeled as
an external applied force
against the rotor rotation
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with the universal performance road map of motors proposed by Marden et al. [15]
as a function of the motor intrinsic mass. According to this road map, our 10~** kg
mass molecular motor must bring a maximum output force of about 0.1 pN.

The motor efficiency is # = W/E;,, where E;;, is the energy delivered to the motor
and W the maximum work produced by it. When driving the motor with a tunneling
current, it is not the bias voltage V applied to the molecular tunnel junction which
must be considered as the energy provided to the motor for its functioning. It is the
inelastic tunneling effect that populates the excited states and the spectral power of
the corresponding shot noise. The shot noise applied is not a constant excitation,
neither in amplitude nor in time. Therefore, the provided energy can only be
estimated here considering the maximum of the random force in (4) and (5) with a
Gaussian distribution ranging between —300 and 300 pN. For the optimized
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one-way rotation conditions discussed above, this leads to Ej,, =3 X 107'°J. Accord-
ing to Fig. 8 and in those conditions, the motor is able to develop a maximum work
of 6.5 x 1072% J before stopping and going backward constrained by the external
force applied. This gives # = 0.002 for our shot noise-driven motor. This value is
very close to # = 0.001 for a Brownian motor driven by correlated Gaussian white
noises [16] but less than for a motor driven by a temporally asymmetric unbiased
external force [17] (y = 0.01) or for a flashing ratchet [18] ( = 0.05).

On the other hand, the barrier height along their respective potential energy
surfaces of the states controls the rotor average velocity. We have employed for the
simulations the value previously calculated with the ASED+ semi-empirical
method, which is 0.25 eV for the ground state, leading to a calculated average
velocity of 3.43 x 107 turns/s. Increasing the energy barrier of both states up to
0.44 eV leads to a slightly slower rotation (3.28 x 107 turns/s). However, when
decreasing the barrier in Ey(8, @) to 0.25 eV while keeping E (6, ¢) at 0.44 eV, a
smaller average velocity is calculated (2.25 x 107 turns/s). In contrast, a barrier of
0.44 eV in Ey(6, ¢) and of 0.25 eV in E(0, ¢) leads to a large average velocity of
4.11 x 10" turns/s. Further modifications of the energy barriers must be accom-
panied by a new optimization of the average time interval between two #; and of the
average Gaussian force in order to keep the one-way rotation.

5 Conclusions and Outlook

In conclusion, with a simple model that takes into account realistic characteristics of
a molecular motor, we have demonstrated how the rotor of such molecular motor
can rotate one way. We have also estimated the motive power when driven by the
shot noise of a tunneling current. Two important facts were discussed: (1) There is
no need for a static ratchet effect, and (2) when a molecular motor is driven by a
tunneling current, it is not the bias voltage which provides the energy for the
rotation. It is the power of the shot noise, characteristic of the tunneling current,
which is delivered to the motor. There are a few possibilities to measure the motive
power of a single-molecule motor as, for example, loading a certain number of
atoms to the rotor, bringing in contact a solid-state nanogear with the molecule
motor or placing a NC-AFM tip nearby the rotor, driving the rotor with another
tip. All those possibilities require new instrumentation like the development of
UHV-compatible nanolithography processes or the construction of ultrastable 4
probes UHV-STM and NC-AFM in the years to come.
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The Einstein—de Haas Effect and Its
Application to Spin-Driven Molecular
Motors

Takashi Uchihashi and Teruo Ono

Abstract When the angular momentum of spin is converted into that of lattice, it
gives a mechanical torque for rotation to the system, which is known as the
Einstein—de Haas effect. Here, we propose to utilize this principle to create spin-
driven molecular motors. Despite the fundamental challenge due to a small driving
torque, the mechanism is potentially important in terms of nanotechnology and
spintronics. We consider the required conditions for the rotational motion using a
classical resonator model as the first step toward its future realization.

1 Introduction

The study on molecular motors is a new interdisciplinary field of research where
chemistry, physics, biology, and nanotechnology are involved and intimately
related with each other [1-7]. Because the concept of molecular motor has been
inspired by protein molecules such as ATPase and kinesin, its main motivation has
been to mimic the widely accepted mechanism of biological molecular motors:
Feynman’s Brownian ratchet [8—10]. Thanks to the ingenious structures of the
protein molecules, these nanomachines can produce work from its Brownian
motion without violating the second law of thermodynamics. There, crucial
ingredients for determining the directional motion are the structural asymmetry of
the active component and the time-reversal symmetry breaking due to energy
dissipation. Here arises a question: “Is it possible to employ other mechanisms to
drive molecular motors?”

T. Uchihashi (<)

International Center for Materials Nanoarchitectonics, National Institute for Materials
Science, 1-1, Namiki, Tsukuba, Ibaraki 305-0044, Japan

e-mail: uchihashi.takashi@nims.go.jp

T. Ono
Institute for Chemical Research, Kyoto University, Gokasho Uji-City,
Kyoto 611-0011, Japan

© Springer International Publishing Switzerland 2015 95
C. Joachim and G. Rapenne (eds.), Single Molecular Machines and Motors,
Advances in Atom and Single Molecule Machines, DOI 10.1007/978-3-319-13872-5_6



96 T. Uchihashi and T. Ono

In this chapter, we explore the possibility of using the spin degree of freedom of
electrons, which has been disregarded for “conventional” molecular motors, and of
resorting to the principle of the Einstein—de Haas effect, a century-old but still
intriguing magnetic phenomenon [11, 12]. With a spin injection into a molecule and
a subsequent relaxation, the angular momentum of spin 7/2 is transferred to its
mechanical freedom and could rotate the molecule [13-16]. In other words, to
dictate the rotational direction of the molecule, we rely on the time-reversal sym-
metry breaking due to spins, in contrast to the Brownian ratchet motors. This would
not only allow us to change the driving direction at will, but also to potentially
integrate molecular motors into state-of-the-art spintronics devices.

In the following sections, we explain the principle of the Einstein—de Haas effect
and its application to molecular motors using a spin-polarized current. After
reviewing its experimental demonstration in a microelectro mechanical systems
(MEMS) device, we extend a classical resonator model to the case of a single
molecule on a substrate to consider the required condition for the rotational motion.
Because of the extremely small angular momentum transfer 7i/2 involved in this
process [13—16], detection of the Einstein—de Haas effect in the molecular system is
not easy. However, it will be feasible if we can take advantage of resonant behavior
of the torsional oscillation. Harnessing this effect to rotate the molecule in a pref-
erential direction and produce a torque for a useful work is more challenging. Keys
for the success will include usage of extremely fast current pulse for driving
molecular and design of robust molecules. The discussions in this chapter will
hopefully stimulate researchers in this field and contribute to the developments of
experiments and theories of new molecular motors.

2 The Principle of the Einstein—-de Haas Effect

In this section, we review the principle of the Finstein—-de Haas effect and its
experimental demonstrations. Suppose we have an electron orbiting around the
nucleus of an atom (see Fig. 1a). According to the classical electromagnetism, the
magnetic moment M emerging from this motion is given by the equation:
1 2

M= Seor, (1)
where e is the charge of the electron, w is the angular velocity of the electron
motion, and r is the radius of the orbit. This magnetic moment M accompanies an
angular momentum P:

P = mor?, (2)

where m is the mass of the electron. These two equations lead to the following
relation:
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Fig. 1 a Schematic drawing
of an electron orbiting around
the nucleus of an atom. b,

¢ Schematic illustration of the
Einstein—de Haas effect
induced by magnetic field. In
the beginning, there is no
magnetic field and the iron
rod is demagnetized and set
still (b). Sudden application (b) (C)

of magnetic field in the

direction of the rotational axis

magnetizes the iron, resulting N
in emergence of a magnetic

moment M and an angular

momentum P (¢). The arrows | |

indicate the magnetic
moments and angular
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“molecular currents” (which ¢ {
should be now replaced by
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where g = 1 is the g factor for the orbital angular momentum of electron. In reality,
the magnetism of transition metals such as iron and cobalt is mostly attributed to
spin, not to orbital angular momentum. But the intimate relation between the
magnetic moment M and the angular momentum P still holds for spin, for which
g = 2 is true in Eq. (3). Although the existence of spin seems unequivocal from the
firmly established theory of quantum mechanics, its real identity is puzzling
because the spin degree of freedom has nothing to do with the electron motion in
real space [17]. The verification of spin as a form of angular momentum can be
obtained through so-called gyromagnetic effects, one of which is the Einstein—de
Haas effect [11, 12].

In 1915, Einstein and de Haas experimentally demonstrated the relation of
Eq. (3) [11]. They devised an apparatus where a cylindrically shaped iron rod,
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suspended by thin threads, could freely rotate along its rotational axis. (It is worth
mentioning that Einstein was a smart experimentalist against the prevailing image
[18].) Now, suppose that there is no magnetic field in the beginning and the iron rod
is demagnetized and set still (Fig. 1b). Sudden application of magnetic field in the
direction of the rotational axis magnetizes the iron, resulting in emergence of a
magnetic moment and an angular momentum according to Eqs. (2) and (3)
(Fig. 1c). But where has this angular momentum come from? Assuming that we
have kept the rotational symmetry of the whole system, the total angular momen-
tum must be conserved to be zero. This means that a change in the angular
momentum of the electron system should be compensated by a counter change in
that of the lattice system, which is equivalent to a rotation of the cylinder. Thus,
mechanical rotation can be induced by magnetization. At the time of the experiment
by Einstein and de Haas, the presence of spin was not recognized, so they postu-
lated a permanent “molecular current” (i.e., orbital angular momentum) as the
origin of the magnetic moment. They found g~ 1 in accordance with the
assumption of molecular current, but subsequent refined experiments showed
g ~ 2, proving the existence of spin.

In the original experiment by Einstein and de Haas, the rotational motion was
induced by applying magnetic field. But there is another situation where the same
principle can be applied. Suppose we have a rotatable non-magnetic material (N)
with a large spin—orbit interaction, into which we inject a spin-polarized current
from a ferromagnet (F) (see Fig. 2a). Because of the spin—orbit interaction, injected
spins are frequently flipped during the scattering process and finally randomized

() F D F
i) N <« <« i)
------ >

Fig. 2 a Schematic illustration of the Einstein and de Haas effect induced by current.
Spin-polarized electrons are injected from the ferromagnetic (F) into the nonmagnetic (N) side.
The loss in averaged spin angular momentum in N side is compensated by an increase in lattice
angular momentum, resulting in a mechanical rotation. b Schematic illustration of current-induced
motion of magnetic domain walls. When conduction electrons flow between ferromagnetic regions
(F) through a domain wall (D), they change their spin polarization. They can donate their angular
momentums to the local spins and effectively move the domain wall
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(spin relaxation). The loss in averaged spin angular momentum should be
compensated by an increase in orbital angular momentum of electrons due to the
conservation of total angular momentum. This change is then transferred to the one
in lattice angular momentum by the electron—lattice interaction. Thus, a rotational
motion can be induced by injection of a spin-polarized current [13, 14, 16]. The
angular momentum transfer associated with a single spin relaxation is 7/2.
Therefore, the torque Ty, produced by this mechanism is

hl

Tspm - PzeJ (4)
where P is the spin polarization of the injected current, % is the reduced Plank
constant, and [ is the current. For example, assuming P = 1 and I = 10 pA, one
obtains Ty = 3.3 X 10~2! Nm. This is a very small torque due to the inclusion of
i (=1.05 x 10734 J 5) in Eq. (4), but it is indeed detectable. Zolfagharkhani et al.
[15] used a MEMS device that can be twisted around the rotational axis, along
which a hybrid ferromagnetic (F)/nonmagnetic (N) metal nanowire was placed. A
current was run in such a way that electrons flow from F to N side. Since the
initially spin-polarized electrons become depolarized by relaxation, a torque is
generated according to Eq. (4). They successfully detected it by utilizing the res-
onance of the torsional motion of the device. Here, we consider the dynamics of the
mechanical resonator twisted by a torsional angle 0. The equation of motion for 6 is
given by [16]

d’0  do
J ==+ p—+ KO = Toin(1), 5

gt spin () (5)
where J is the moment of inertia about the rotational axis, y(df/dr) describes a
frictional damping, and K is the spring constant for elastic torsion. Tyyin(?) is the
torque given in Eq. (4) where an ac current /(#) = Iy cos(wt) is used. The resonance
frequency g and the quality factor Q of the system are given by wo = (K/J )1/ 2
and Q = 2Jwy/7y, respectively. On resonance w = y, the amplitude of the oscil-
lation is maximized at

Hres =P——. (6)

edc :Pii; (7)

the amplitude of 0 is enhanced by a factor of Q/2. In the experiment, 0. =
2.6 x 107 was detected using the ac lock-in technique, with parameters
J=1x10""kgm?, wy=421x10"s"!, 0=28x10* and P =0.85.
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This phenomenon may as well be called the current-induced Einstein—de Haas
effect, which is to be distinguished from the original one induced by magnetic field.
Although the produced torque is minute, the torque required for rotation can also be
extremely small in the nanoscale limit of the system. This can be seen from Egs. (6)
and (7) with K = Ja)%, which show 0, and 04 are inversely proportional to the
inertia of moment J. Thus, the mechanism is potentially important for molecular
motors and for nanotechnology in general.

Interestingly, current-induced motion of magnetic domain walls [19, 20], which
is being intensively studied for magnetic random access memories (MRAM) [21], is
closely related to the Einstein—de Haas effect described here. The magnetic domain
wall is the place where spin polarization is inverted. When conduction electrons
flow through it, they change their spin direction adiabatically by following the local
magnetization direction (Fig. 2b). Thus, they can donate their angular momentums
to the local spins and effectively move the domain wall. In this case, the spin-driven
torque is used for the linear motion of the magnetic structure. Below a certain
threshold current, however, the domain wall does not move due to the intrinsic
pinning effect [22, 23], and the loss of spin angular momentum seems to go
nowhere. Actually, this loss is used to mechanically rotate the lattice system of the
whole world that sustains the magnetic structure (including the globe!). The above
current-induced Einstein—de Haas effect and the magnetic domain wall motion are
both based on the angular momentum transfer from a spin-polarized current. It is
therefore conceivable to combine them to fabricate novel nanomechanical/spin-
tronics devices in the future.

3 Application of the Einstein—-de Haas Effect to Molecular
Motors

Although the principle of the Einstein—de Haas effect is well established, its
application to molecular systems has not been explored experimentally. In the
meanwhile, its theoretical treatment should involve a fully quantum-mechanical
analysis, which is presently unknown. In this section, we restrict ourselves to a
semi-classical treatment of the dynamics of a molecular system. This, however,
should give us an order of magnitude estimation of required driving current and
insights into the phenomena.

Let us consider a simple molecule adsorbed on a metal surface, into which a
tunneling current is injected from a scanning tunneling microscope (STM) tip
(Fig. 3a). Experiments have already shown that molecular rotation is induced by
tunneling current of order of nA [24-28], indicating that this will be a good
playground for testing the idea. In general, the potential profile of the molecule as a
function of the rotational angle 0 is complicated, and the asymmetry in the profile is
essential for an unidirectional motion caused by the Brownian ratchet [8—10].
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Fig. 3 a Schematic

illustration of an O, molecule (a) STM tip
adsorbed on a Pt(111) surface.

A spin-polarized current is spin

injected into the O, molecule
to induce rotation based on
the Einstein—de Haas effect.
b Potential profile modeling a
single molecule adsorbed on a
metal surface. The solid line
indicates a sinusoidal
potential profile of Eq. (8),
while the dashed line an
approximated harmonic
potential of Eq. (9) (b)

Here, we assume a symmetric potential profile to exclude such a mechanism and
approximate it with a sinusoidal function of form (Fig. 3b, solid line):

U(6) = 21— cos(Nu0)] (8)

where E, is the potential barrier height, and N,, is the number of potential minima
within —t<f0<m. 0 =0 is set at one of the minima of U(0). For a torsional
(hindered) rotation around 0 = 0, Eq. (8) can be approximated by a harmonic
oscillator of the form (Fig. 3b, dashed line):

U(0) ~ gez, 9)

where K = E,N2 /2 is the spring constant for the elastic torsion. Then, the equation
of motion for 0 at the bottom of the potential well is described by Eq. (5) with the

same resonance frequency wo = (K/J )1/ 2. If we now consider a single-electron
injection, the time integral of spin-induced torque Tyin (7) is equal to the transferred
angular momentum AL = 7i/2. We note that the efficiency of angular momentum
transfer from spin to lattice can be small due to an imperfect spin polarization and/
or relaxation of the injected current. Nevertheless, AL is kept constant due to the
quantum nature of angular momentum. If the duration of Ty (7) is small compared
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to the oscillation periodicity o = 27w, the solution of Eq. (5) is given by
Mohanty et al. [16]

0(r) = 2Jw0\/+wexp <— %Ot> sin(womz‘). (10)

Namely, after the torque impulse at # = 0, the molecule exhibits an exponentially
decaying oscillation, and its maximum amplitude 0y, is

h
Bmax—m (11)

for Q > 1. For a sequence of electron tunneling that cause torque pluses, a mul-
tiple-electron effect can be important. This requires that the decay time Tgecay =
Q/w, should be longer than the averaged tunneling interval t, = ¢/I. Within our
treatment, this is described by a random-phase superposition of Eq. (10) [16]:

0(1) [—% (1— tl)} sin [wgm(t - tl)} (12)

h
oA e
2Jwor/1—1/0 [n<t

where # denotes the onset of each oscillation and its averaged time interval is equal
to 7. Statistically, N oscillations occurring within a decay time Tgecay are superposed
to enhance the amplitude by a factor of N 172 where N = Tdecay/ Tt Figure 4a shows
a simulation of the multiple-electron process described by Eq. (12). Q = 50 is
chosen as a parameter, and 0(¢) and ¢ are normalized by Oy« and 7, respectively.
For 1, = 2079(> Tdecay = 7.967¢), each oscillation is nearly independent and its
maximum amplitude is close to 6. (thick solid line). In contrast, for
Ty = T0(< Tdecay = 7.9670), the oscillation amplitude is enhanced by a factor of
N'/2(=2.82) due to the random-phase superposition (thin solid line).

In the sinusoidal potential profile of Eq. (8), a molecular rotation occurs when
the “particle” trapped in a potential well escapes to a neighboring one. Approxi-
mately, this will occur when the maximum of 0(r) approaches ©/Ny in the har-
monic potential of Eq. (9). Here, we take an O, molecule adsorbed on a Pt(111)
surface for example, which was found to rotate among three equivalent crystallo-
graphic orientation (N,, = 3) [24]. The small size and mass of the O, molecule is
advantageous for detecting the effect of the minute spin-induced torque, while the
efficiency of angular momentum transfer may be small. For simplicity, we assume
that the angular momenta of injected spins are all transferred to the lattice system.
The moment of inertia J of an O, molecule around its center is given by
J=2M r*=2.0 x 107% kg m?, where M = 2.7 x 10726 kg is the mass of an
oxygen atom and r = 6.0 x 1072 nm is half the bond length of the oxygen mole-
cule. Using the experimentally estimated potential barrier E, ~ 0.16 eV, one
obtains K = EyN2/2=1.15x 1071 and wy = (K/J)"* =24 x 10" s,
These considerations lead to O,,x = 0.01 from Eq. (11). Although this value of 0,
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Fig. 4 Simulation of the 0 oscillation described by Eq. (12). Q = 50 is chosen as a parameter, and
0() and ¢ are normalized by Onax and 7o, respectively. a For 7 = 207 (> Tgecay = 7.9679), each
oscillation is nearly independent and its maximum amplitude is close to Omax (thick solid line). In
contrast, for 7, = 7o(<Tgecay = 7.9670), the oscillation amplitude is enhanced by a factor of
N'/2(=2.82) due to the random-phase superposition (thin solid line). b 1, = 0.0279. After
I~ Tgecay, 0(1) is nearly constant around Oy (= 7.9604x)

is small compared to 7/N,,(~ 1), it may lead to a rotation if a multiple-electron
process is involved. According to the above argument, if the above O, &~ 0.01 is
to be intensified to 1, N ~ 10* is needed. If a high tunneling current of 7 = 200 nA
(corresponding to 7, = 1 ps) is used, N ~ 10* leads to Tdecay ~ 10 ns (which cor-
responds 0 Q = Tgecay Jwo~2.4 x 109). Although a much shorter decay time of
Tgecay ~ 1 ps is estimated for the O,/Pt(111) system [24], Tgecay > 1 ns is typical for
an adsorbed molecule [28]. Thus, molecular rotation caused by the Einstein—de
Haas effect may be experimentally observable, if we choose an appropriate
molecular/substrate system. In contrast, assuming a “continuous” (not shot-noise
like) current flow, Eq. (7) gives 04 = 5.7 X 10~* <« 1 for I = 200 nA. Therefore,
the enhancement of oscillation amplitude is due to pulse-like torque originating
from single-electron processes.

Here, we give two important remarks. First, although we have treated the
problem classically, we should in reality describe it quantum mechanically. The
energy in the potential well is quantized, and even classically inaccessible high-
energy levels are generally occupied in nonequilibrium states. This means that the
molecule can overcome the potential barrier and rotate below the classical threshold
current, although with a small probability. Second, nevertheless, the rotational
direction cannot be dictated in the above case, because the oscillation is nearly
symmetric against # = 0 due to a long decay time (see Fig. 4a). In addition to the
Einstein—de Haas effect, the molecular rotation can be induced by other mechanism;
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a widely accepted example is electron injection on a resonance level and subsequent
energy transfer to vibrational/rotational modes [27-29]. Therefore, distinction from
irrelevant mechanisms is crucial to identify the Einstein—de Haas effect. The
dependence of the rotational rate on the magnetic status of the tip should be studied
for this purpose. For example, the rotational rate should be dependent on the angle 0
between the magnetization direction of the STM tip and the rotational axis, i.e., the
surface normal direction.

In the above argument, the superposition of multiple oscillations is not effective
because the tunneling event is stochastic and the phase of each oscillation is ran-
dom. Periodic tunneling events with its frequency matched to wy would enable
coherent superposition of the oscillations, resulting in amplitude amplification by a
factor of N instead of N'/2. This would lead to significant enhancement of the
excitation efficiency. The situation corresponds to the MEMS oscillator driven by
on-resonance ac current as described earlier. Its physical implementation is not
straightforward, but we may be able to resort to the single-electron tunneling
oscillations originating from the charging effect. The large charging energy asso-
ciated with a single electron on a small tunnel junction capacitance regulates the
timing of tunneling and makes it quasi-periodic [30]. A simple simulation can show
that even a 20 % fluctuation within the phase 27 maintains an oscillation amplitude
nearly equal to that for the complete in-phase oscillation.

In the following, we consider a molecular rotation with a preferential direction,
which is crucial to realize a molecular motor. To have such a motion, the oscillation
dynamics must be asymmetric about = 0, requiring that the decay time Tgecay be
comparable to the oscillation periodicity 7o (equivalently, Q ~ 1). This strongly
suppresses the amplitude enhancement because only N ~ 1 is used for superposition
of subsequent oscillations. Hence, we will first consider the single-electron process

to estimate the required condition. Combination of Eq. (11) with wy = (K/J )1/ 2

and K = EbeJ /2 leads to Opmax o Ey Y 2; it is thus possible to increase Op,x by
reducing the potential barrier E, while keeping J. This could be realized by
introducing a smooth axle into the molecule, for example, by introducing a bearing
atom ball or ¢ bonding in the surface normal direction [27, 28]. However, reduction
of potential barrier also causes thermally activated random rotations. For example,
Omax of the O,/Pt(111) system can be enhanced to ~ 1 by reducing E;, down to
0.016 meV. This corresponds to a temperature of 0.19 K, requiring an experimental
verification at much lower temperatures. Discussion based on energy transfer
during the single-electron process gives another restriction concerning the energy
scale. Energy quantum AE given to the molecular rotational mode by angular
momentum change AL = fi/2 is approximately

AL?

AE =—.
2J

(13)
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For J=2Mr*=2.0x 1074 kg m? of O, molecule, one obtains AE =
0.082 meV corresponding to 0.95 K. Therefore, a working temperature must be
sufficiently lower than 1 K.

If the single-electron process cannot induce rotation, the only alternative way is
to use a large current I /e > wyq (equivalently, 1, < 1¢); namely, a large number of
multiple torque pulses should be accumulated before a single cycle of oscillation is
completed. In this case, the electron flow can be seen quasi-continuous, and 6
approaches the equilibrium value 6. given by Eq. (7). Figure 4b shows the result of
a simulation of Eq. (12) for 7, = 0.027o and Q = 50. After 7 ~ Tgecay, 0(2) is nearly
constant around 0Oy.(= 7.960,,,x). For the molecule to overcome the potential
barrier, this value must exceed 27/N,, ~ 1 (at least classically). For the O,/Pt(111)
system, it results in I = 350 pA, which is apparently a huge current for a single
molecule to stand with. The situation seems hopeless, but the molecule may survive
a huge current if it is only for a short time. The minimum required time for a pulse
current to rotate the molecule is the oscillation periodicity 7y, which is about 0.26 ps
for the O,/Pt(111) case. For example, a voltage pulse with a width of Ar = 80 ps
was used for coherent electrical control of a superconducting quantum bit [31]. In
an recent STM experiment, a time resolution of Af = 120 ps was achieved in a
pulse detection mode while obtaining atomically resolved images [32]. Such a pulse
technology may also be used to induce the molecular rotation.

4 Conclusion

In this chapter, we have proposed to use the principle of the Einstein—de Haas effect
to create spin-driven molecular motors. Its realization is a technical challenge,
mainly because of very small torque produced by angular momentum transfer 7/2
and the finite potential barrier for rotation. The detection of the Einstein—de Haas
effect in the molecular system will be feasible if the oscillation decay time Tgecay 1S
much larger than the timescale of the oscillation ty. Nevertheless, rotation of
molecule in a preferential direction, a prerequisite for realizing a molecular motor,
is not straightforward. It requires either an extremely smooth molecular rotation and
a low working temperature (7 < 1 K) or a short (in the order of ps) but huge
driving current (~ 100 pA) that the molecule can stand with. Theoretically,
development of a fully quantum treatment of the spin-driven rotation is strongly
desired. It should include various fundamental processes: angular momentum
transfer from the spin to the lattice system, excitation of torsional oscillation mode,
tunneling through the potential barrier of rotation, and finally rotational relaxation.
We hope that cooperative and synergetic advancements of molecular architecture,
measurement technology, and theoretical understanding will lead to realization of
these fundamentally new molecular motors. We thank C. Joachim for fruitful dis-
cussions. The research has been financially supported by JSPS Grant-in-Aid
No. 24651125/25247053 and by World Premier International Research Center
(WPI) Initiative on Materials Nanoarchitectonics, MEXT, Japan.
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Single-Molecular Motors and Gears Based
on Star-shaped Ruthenium Complexes

Roman Stefak, Jorge Echeverria, Saw-Wai Hla, Christian Joachim
and Gwénaél Rapenne

Abstract In the last fifteen years, a few molecular motors have been designed and
synthesized. In the present review paper, we present and discuss our contribution to
the field. The strategy followed to control the rotation in a molecular rotary motor is
based on the manipulation of the motors as single molecules. This specificity implies
the use of adapted architectures. The molecules have a piano-stool structure with a
“stator” meant to be grafted on a surface and a “rotor” bearing peripheral ferrocenyl
redox-active groups, so that addressing the molecule with nanoelectrodes in a planar
configuration or with a STM tip in a vertical configuration would trigger rotation.

Keywords Single molecule - STM - Molecular gear - Molecular motor
Ruthenium complexes

1 Introduction

In the last decade, the continuous improvement of near-field microscopy techniques
such as scanning tunneling microscopy (STM) and atomic force microscopy (AFM)
has led to the imaging and the study of physico-chemical properties of various
molecules [1]. These techniques allow the visualization and manipulation of only one
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molecule, and therefore, the mechanical properties of a single molecule deposited on
a surface can be investigated. Since multistep chemical synthesis allows chemists to
prepare tailor-made compounds with predetermined shape and programmed move-
ment or function, sophisticated designed molecules are expected to play a major role
in the development of the field. In the bottom-up strategy, a variety of artificial
molecular machines and motors have recently emerged that resemble macroscopic
machinery. These so-called technomimetic molecules [2] are daily life macroscopic
objects such as nanowheels [3—6], nanocars [7-9], wheelbarrows [10-12], nanogears
[13—16], molecular rotors [17—19] or motors [20-23] that have been miniaturized,
down to the nanometer scale by molecular synthesis. There is no physical limitation
to the miniaturization of a machine down to the scale of a single molecule or, con-
versely, to the monumentalization of a molecule until it becomes a machine.

A mono-molecular motor is a nanoscale machine which consumes energy to
produce work via a unidirectional and controlled movement of one of its parts.
Some very elegant examples of molecular rotary motors described so far have been
studied collectively and have many degrees of freedom [18-21]. Their behaviour is
the average behaviour of a weak assembly of molecules and not of a single mol-
ecule. On the contrary, the molecules described here have been designed with the
intention to study and manipulate them individually with the tip of a STM. To
recover and use the work produced by the rotation of the motor, its structure should
be as rigid as possible and with a minimum number of degrees of freedom in order
to be manipulated on a surface with a maximum control on its movement. In
particular, the movement of a molecule can be efficiently restricted by attaching the
molecule to a surface with a tripod [24, 25], which not only prevents the translation
but also gives a very efficient control on the geometry of the whole architecture
thanks to the three points of attachment. Therefore, a structurally rigid bifunctional
molecule combining coordinating sites and anchoring groups is of special interest
since it would allow the covalent attachment of coordination complexes on a sur-
face, for instance giving rise to surface-mounted molecular gears or motors [26, 27].

In this article, we will develop in a first part the design of an electrically
addressed molecular motor. In a second part, we will focus on the synthesis of the
first prototype of a molecular motor, and then, we will exploit this strategy to make
molecular gears based on star-shaped organometallic ruthenium complexes. Finally,
we will present a dissymmetrized motor which undergoes controlled clockwise or
counterclockwise unidirectional rotation.

2 Design of an Electron-triggered Molecular Motor

The ultimate miniaturization of electronic and mechanical devices is reached when
addressing one single molecule and not a population of molecules in solution or on
a surface. To reach this goal, operating at the single molecular level is more
important than working at a molecular scale. Achieving molecular-scale rotational
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motion faces three major difficulties/challenges: (1) the driving energy should be
delivered with nanometric spatial resolution to the same single molecule; (2) the
rotation should be unidirectional to avoid a pure loss of energy through random
oscillations [28]; (3) the observer should have a means to know experimentally the
exact motions, distorsions or conformational changes undergone by the molecule
during the experiment.

In the absence of direct time-resolved microscopy to provide an image of the real
intramolecular motion or movement of a mono-molecular machine, one has to
record those changes via the variation of tunnelling current [29] with an STM or
cantilever forces using a non-contact atomic force microscope (NC-AFM) [30]. In
both cases, this puts constraints on the molecular design in order to simplify or
amplify this recording and the way it is reported to the macroscopic scale.

2.1 Early Design

Looking at the requirements for an exploitable unidirectional rotation, including the
constraints of a deposition on a surface in order to study the molecular motor as a
single molecule between two nanoelectrodes, several difficulties can be identified.
Among them, a major requirement concerns the architecture of the molecule, which
must necessarily be made of essentially rigid parts. This condition is frequently absent
in many proposals of molecular motors, which neglect the extreme flexibility of most
molecules. In our technomimetic design of a molecular motor, the source of energy is
a tunnel current. The target molecule is supposed to convert the flow of electrons
tunnelling through the molecule into a directionally controlled rotary motion. The
molecular motor has been designed to be individually interconnected after its
deposition between two nanoelectrodes separated by a few nanometers (i.e. a
nanojunction).

The molecule contains a mobile part bearing redox-active units, which can
exchange electrons. During the rotation motion, the redox sites can approach the
extremity of the electrodes and be oxidized or reduced.

Our early design principle [31] is shown in Fig. 1. The electroactive group (EG)
closest to the anode would be oxidized to yield EG* (step 1) and pushed back by
electrostatic repulsion (step 2). This phenomenon has already been described for a
[60]-fullerene which has been shown to act as a shuttle transporting electrons one

&
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anode cathode anode cathode anode anode cathode
Step 1 I: Step 2 I: Step 3 Step 4 I:

Fig. 1 Schematic representation of a molecule placed between the two electrodes of a nanojunction.
The transfer of electrons from the cathode to the anode through successive oxidation and reduction
processes is expected to result in the clockwise rotation of the rotating part of the molecule
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by one from one electrode to the other [32]. As a result, the oxidized electroactive
group would approach the cathode and subsequently be reduced (step 3). At the
same time, a second electroactive group would come close to the anode and a
second cycle would occur (step 4). A complete 360° turn would be achieved after
five cycles, corresponding to the shuttling of five electrons from the cathode to the
anode. This would represent the conversion of an electron flow into a movement of
rotation, i.e. a redox-triggered molecular rotary motor powered by the irreversible
transport of electrons from the negative to the positive electrode through a tunnel
junction. Figure 1 is represented a fifth of a turn corresponding to the movement
induced by the transfer of one electron.

2.2 The Horizontal Connection

In order for the rotation to be directional, the molecule should be placed in a
dissymmetric environment. This could be achieved by its dissymmetric positioning
in the nanojunction as shown in Fig. 1. The directionality would be obtained
because the two directions of rotation are no longer equivalent, as a result of the
dissymmetric positioning of the molecule with respect to the electrodes. This
arrangement could be obtained either by chance or by building the electrodes
around the deposited molecule. The construction of such a device necessitates to
design a complex molecule which will be anchored on the surface and also to
master the fabrication of nanoelectrodes and positioning of the molecule.

This connection is called “horizontal” and necessitates to use an insulating
surface such as alumina which prevents the use of STM techniques.

2.3 The Vertical Connection

The vertical connection follows the same principle but instead of two nanoelec-
trodes, the STM tip will be used as one electrode and the second electrode being
constituted by the surface. In this case, the surface must be metallic to allow the use
of STM techniques.

With this kind of connection, only the STM tip is a localized, atomic scale
electrode. The second electrode, i.e. the surface, constitutes an infinite electrode. As
a consequence, only the STM tip can induce dissymmetry in the design.

3 First Prototype: The Pentaferrocenyl Motor

The gap from the design to the chemical structure has been bridged by using our
knowledge in organic, organometallic and coordination chemistry. The constraint to
dispose of both a fixed and a rotating part has been addressed by the use of a mixed
sandwich complex of ruthenium.
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Fig. 2 Molecular motor
functionalized for deposition
on a metallic surface

The active core of our molecular motor is represented in Fig. 2. It comprises a
stator, i.e. one part fixed between two electrodes, and on this stator is connected a
rotor which should transform a current of electrons into a unidirectional rotation
motion. The upper part should be free to turn while the basis should stay still,
anchored on the surface between the two electrodes of the addressing system. The
rotor is a cyclopentadienyl ligand (Cp) functionalized with five linear and rigid
arms, each terminated by an electroactive group. The stator is a hydrotris(indazolyl)
borate tripodal ligand of the family of scorpionates developed by Trofimenko [33].
The joint between the rotor and the stator is a ruthenium(II) ion chosen to obtain a
kinetically stable molecule bearing zero net charge. Both criteria are essential for
surface deposition and hence in view of performing single molecule experiments.
There is indeed essentially one degree of freedom in our target molecule: the
rotation of the upper part with respect to the lower one. The lower part has a locked
conformation even if rotation about the single bonds of the arms is of course
possible, but it does not alter significantly the geometry of the molecule.

A second requirement consists in the introduction of redox-active sites. Ferrocene
units were chosen since they exhibit reversible oxidation in various solvents [34],
and their chemistry is relatively versatile, with many well-known coupling reactions.

3.1 Synthesis and Coordination of the Rotor

Pentaphenylcyclopentadienide is an attractive ligand, as its precursors are readily
synthesized in large quantities and are air-stable. The CsPhs ligand appears to be
more electron-withdrawing than cyclopentadienyl and pentamethylcyclopentadienyl
anions, and its large volume is reported to confer enhanced kinetic stability to its
organometallic derivatives [35].

The synthesis of the pentaphenylcyclopentadienyl ligands used in this design is
outlined in Scheme 1. The commercially available 1,2,3.4,5-pentaphenylcyclo-
pentadiene was brominated in para positions and at the saturated carbon of the
cyclopentadiene ring in neat bromine to give the hexabrominated derivative in
almost quantitative yield [36]. Various palladium-catalysed coupling reactions gave
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Scheme 1 Synthesis of the organometallic core of the molecular motor

us access to various functionalized ligands. These new ligands are versatile pre-
cursors to form the half-sandwich ruthenium complexes which make the core of our
molecular motor by binding the Cp ring.

The pentaphenylcyclopentadienyl ligands are highly hindered, and this structural
property confers them a peculiar reactivity for instance in their coordination to a
ruthenium(Il) centre [37]. Coordination via the formation of the pentaphenylcy-
clopentadienide anion did not give access to the target complexes. Only the
methodology described by Manners [38], which uses the oxidative addition of a
brominated Cp ring on the Rus(CO),, cluster, yielded the bromo 1°-1,2,3,4,5-penta
(4-bromophenyl)cyclopentadienyl dicarbonyl ruthenium(Il) as shown on Scheme 1.

3.2 Synthesis of the Stator with Anchoring Groups
Jor Various Surface Deposition

The next step towards a molecular motor consisted in the design and synthesis of
two new tripodal ligands in view of anchoring the ruthenium complexes onto
surfaces. The functionalized borate ligands were designed to have three functional
groups pointing on the opposite direction of the coordination site, in order not to
interfere sterically with it. Each of the three legs of the tripodal unit bears a
functional group connected at the 6-position of indazole, which should be, on the
basis of the X-ray structures, obtained on the cyclopentadienyl model complexes
[39], the optimal orientation for anchoring on a surface.

The two functionalized tripodal ligands are represented in Fig. 3. The first one
incorporates ester-functionalized indazoles (Tp*®**“9°Y) to anchor complexes
onto the oxide surface used as insulator in molecular scale NC-AFM experiments.
The second synthesized tripode bears thioether-functionalized indazoles
(Tp*Bo6-CH2SEY 16 anchor complexes onto metal surfaces to be able to study the
rotation of the rotor (including rotation barrier) and also STM tip-induced rotational
motions.
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Fig. 3 Functionalized tripodal ligands equipped with ester functions (/eft) to deposit the molecular
motors on an insulating oxide surface and with thioether groups (right) to anchor the
corresponding ruthenium complexes on metallic surfaces

3.3 Coordination of the Tripodal Ligand and Coupling
of the Electroactive Ferrocenyl Groups

Coordination of both tripodal ligands was achieved using microwave heating. The
two functional tripodal ligands have coordination and redox properties similar to
those of the unfunctionalized ones [39].

The presence of the five aryl bromide groups allows the direct connection of the
ferrocene electroactive groups after a quintuple Pd-catalysed C—C coupling reaction
with ethynylferrocene using the Negishi conditions [40]. The pentaferrocenyl
molecular motor was isolated in 42 % yield (Scheme 2). "H-NMR spectroscopy
clearly showed an AA’BB’ pattern for the phenyl groups attached to the central Cp
ring and the signals of the ferrocene units integrating for 45 protons. The presence
of the five ethynylferrocene units was also confirmed by mass spectrometry. This
ruthenium complex is the prototype of our family of molecular motors.
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Scheme 2 Synthesis of the pentaferrocenyl molecular motor

3.4 Behaviour in Solution: Electrochemistry and NMR

Once the first prototype of molecular motor terminated with five ferrocenes was
synthesized, all the requirements for such a molecule to operate as a molecular
motor were analysed. First, the oxidation potential of the iron was lower by
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300 meV than the oxidation potential of the Ru centre. This is compatible with our
objective in the sense that the ruthenium centre would remain inert towards the
redox cycles of the peripheral electroactive groups. In addition, electrochemical
processes were reversible, showing the robustness of the molecule towards oxi-
dation. No intervalence band was observed by spectroelectrochemistry, showing
that the electronic communication between two iron centres is very weak. Elec-
tronic communication is here an unwanted phenomenon since it would allow a
charge transport by intramolecular electron hopping between different ferrocene
centres, without real motion of the rotor.

As shown by NMR and DFT calculations, the rotation barrier of the rotor
fragment was found to be very low [36]. This is a random process in which the rotor
part of the molecule explores rapidly many conformations, with back and forth
irregular motions. This is very different from the rotation occurring in a macro-
scopic mechanical motor. At the molecular scale, the inertial forces play a negli-
gible role and cannot sustain the directionality of the motion [28].

3.5 Incorporation of Insulating Spacers

A key requirement in our design was to have the electroactive groups connected
through insulating arms, to avoid intramolecular electron transfer between redox
sites. Such a process would act as a short-circuit by allowing charges to cross the
molecule without the need for an actual motion. Even if electronic communication
seems to be low due to the non-planarity of the phenyl rings connected to the
central Cp, incorporation of insulating spacers between the ferrocenes and the
cyclopentadiene would contribute to annihilate totally these undesired electron
transfers. It must be noted that the absence of intervalence transition in the complex
(from spectroelectrochemical measurements) does not guarantee that the rate of
ferrocene—ferrocenium exchange will be sufficiently small. Since a conjugated
skeleton can clearly not separate electronically the electroactive groups, we
developed the synthesis of insulating spacers based on platinum acetylide com-
plexes [41, 42] or bicyclo[2, 2, 2]octane fragments [43].

3.5.1 The Trans-platinum Fragment: A Rotor 3 nm in Diameter

Such spacers are presumed to insulate the ferrocene groups by disrupting the
electronic communication between them, possibly due to the strong ¢ character of
the Pt—C bonds which breaks the conjugation of the different submodules [44].
Therefore, the charge localization on one single oxidized ferrocenyl unit, which
should be the place of the oxido-reduction cycles in the desired process, should be
favoured.
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Fig. 4 Chemical structure of the two insulated motors obtained

The synthesis of the ruthenium complex with trans-platinum(Il) spacers (Fig. 4,
left) was achieved by introducing first the alkyne functions and subsequent coor-
dination to a chloro ethynylferrocenyl platinum complex [41]. In this complex, the
electronic communication between ferrocene units is again not measurable by
spectroelectrochemistry. A theoretical approach combining geometry optimization
by DFT and extended Hiickel calculations on bis-ferrocenyl model compounds
allowed to estimate the electronic communication parameter V,,;, between ferrocene
units. We obtained a fourfold attenuation of V,, in the presence of a trans-platinum
spacer [42] and an increase from 2 to 3 nm in diameter with the platinum insulating
fragments.

3.5.2 The Bicyclo[2.2.2]Octane Spacer: A Rotor 4 nm in Diameter

In order to obtain a better insulation, we also synthesized a molecular motor where
the electroactive groups are separated by bicyclo[2.2.2]octane spacers (Fig. 4,
right) [43].

DFT and extended Hiickel calculations showed in this case a 12-fold decrease of
the electronic coupling between ferrocene units. Since there are by design two
insulating groups between two ferrocenes, the total effect will be of a factor 144
(12 x 12) which is one order of magnitude more important than the effect from the
platinum fragment with a global effect of a factor 16 (4 x 4). In addition, the
diameter is now close to 4 nm (double the diameter without insulating groups)
which also prevents efficiently through-space intramolecular electron transfers.
Moreover, the absence of triple bonds in the backbone gives rise to a more rigid
structure that should be more stable towards the deposition process. This alkyne-
free architecture was obtained following another type of carbon—carbon bond for-
mation: Suzuki coupling using Buchwald’s recent universal catalyst [45], which is
very active even for deactivated substrates as in our case.
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3.6 Introducing Chirality to Promote Unidirectional Motion

To control the direction of the rotation, we have to consider how a molecule and a
surface interact. This interaction establishes the coupling of the different confor-
mations of the motor and allows to decrease its rotational energy. The latter is not
controlled because the surface is a thermal energy source which can provide only a
local thermal fluctuation. Applied to our design, as shown in Sect. 5.2, the potential
energy curve is symmetric and the molecule turns in one or the other direction in a
random manner since the activation barriers are equal in both directions.

To obtain a unidirectional rotation, a strong dissymmetrization of the two
directions of rotation is required in order to obtain a highly dissymmetric potential
energy curve for the system. The two corresponding rotational rates could be
differentiated by coupling the molecule with an energy source such as the electric
field created between the two electrodes of a nanojunction. In the case of our
molecular motor, a unidirectional rotation should be obtained by placing it in a
dissymmetric manner in the nanojunction as it is presented in Fig. 1. This dis-
symmetry should favour the rotation in one direction.

To achieve directionality in the rotation, one could also think of introducing
chirality in the chemical backbone. In agreement with the second principle of
thermodynamics [46], chirality alone is not sufficient to obtain a unidirectional
rotation in a movement driven only by thermal energy. Nevertheless, chirality could
be an additional way to enhance the difference of rotational rate corresponding to
the two directions.

We tried to prepare enantiopure Cs-symmetrical hydrotris(pyrazolyl)borate
ligands derived from (5R)-dihydrocarvone, commercially available as a (2R,
5R) and (25, 5R) diastereomeric mixture from the chiral pool. Its olefin moiety was
converted into an ester function for the future immobilization of the molecular
motor onto insulating oxide surfaces. Molecular modelling was performed on the
ruthenium complex with Cerius2 (Fig. 5, left) in order to check that the target tris
(pyrazolyl)borate coordinated to the ruthenium centre (Fig. 5, right) would indeed
induce the desired helicity once coordinated.

The chirality of the tripodal ligand, and particularly the methyl groups at the
4-position of the ring, strongly interact with the cyclopentadienyl ligand, which is
the key to induce a strong dissymmetry in the system. Unfortunately, we were not
able to resolve the pyrazole sub-unit [47] which prevented us to obtain the enan-
tiopure tripodal ligand.

4 Molecular Gears Based on Star-shaped Complexes

After the seminal work of Mislow on molecular gears [13], a few groups designed
and synthesized molecular gears studied in solution. Only one recent example has
been studied at the single-molecular scale [16]: hexa(4-tert-butylphenyl)benzene.
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CO,Et {j CO.Et EtO,C

Fig. 5 Molecular modelling (left, bottom view) and chemical structure (right) of the ruthenium
complex integrating a chiral hydrotris(pyrazolyl)borate ligand. The modelling has been performed
on the full molecule, but to obtain a clear representation, the ester and the ethynylferrocenyl
fragments have been omitted. The modelling clearly shows the induced helicity of the molecule in
its minimum energy conformation (UFF, Cerius2 software)

However, its use as gear is prevented by the lateral diffusion of the molecule on the
surface since there is no functional group to anchor the molecule.

The star-shaped geometry of the family of molecular motors based on organo-
metallic ruthenium complexes inspired us to design notched circular molecules as
potential gears. For that purpose, the presence of the peripheral ferrocene groups is
not necessary and must be avoided since the lateral rotation around the axis of the
spacers would prevent their use as gears.

Our aim is to manipulate molecules on a surface to build a train of gears and
rotate the first gear mechanically with the STM tip to see if the rotation propagates
through the train of gear. It must be noted that the tripodal ligand functionalized
with three thioether functions is able to anchor the molecule on a Au(111) surface at
very low temperature. Warming up to 77 K (liquid N,) allows us to move the
molecules in order to align them as we wish. Then, cooling the surface at 5 K
(liquid He) allows us to study the propagation of the rotation through neighbouring
molecules as shown in Fig. 6.

pushlng Rotation of the first gear
ot 15N ofatum

Initial configuration Final configuration

Fig. 6 Pushing the STM tip will start the rotation of the first gear (left). Rotation of 1/5th of a turn
could be transferred to neighbours thanks to a gearing mechanism. Following the rotation transfer
is enabled by the tagged arm (in bold)
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4.1 Strategy Derived from the Pentaphenylcylopentadienyl
Ruthenium Complexes

For that purpose, we designed and synthesized ruthenium complexes as notched
elements with a tripodal ligand functionalized to be anchored on metallic surface
and built around a Cp ligand equipped with four biphenyl paddles and one phen-
ylpyridine as fifth paddle (Fig. 7, left). Replacement of a CH fragment by a nitrogen
atom has proven its efficiency to induce a strong difference in the contrast on STM
images [4]. This tag will allow us to discriminate one paddle and thus to follow its
rotation.

Due to the tripodal ligand that alleviates the Cp ring, the gear is decoupled from
the surface and at the same time maintained precisely at the same distance from its
neighbouring gear.

4.2 Alternative Strategy

Preliminary, STM studies showed the ineffectiveness of such gears, since the
rotation induced by the STM tip did not propagate to neighbours. Theoretical
calculations showed it possible for two intricated gears to have the first gear rotating
without inducing any rotation of the neighbour: this is due to the vertical
deformation of the arms, which avoid contact with the next gear.

To bypass this obstacle, we designed a second generation of gears for which the
synthesis is underway. Instead of 1D-arms, the idea is to have 2D-arms which are
not arms anymore, but rather act as paddles (Fig. 7, right). In this design, steric
hindrance forces the 2D-paddles to be perpendicular to the cyclopentadiene ring,
and despite vertical deformation, it seems sterically impossible to rotate the first
gear without rotating its neighbour.

s

Et EtS EtS

\

Fig. 7 A molecular gear free to rotate anchored on the surface by a ruthenium trisindazolylborate
centre. Left the first generation equipped with 1D-arms; right the second generation with 2D-
paddles. Nitrogens on the pyridine rings of the rotor will act as tags to follow the rotation
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5 Dissymmetrization of the Motor: The Tetraferrocenyl
Motor

5.1 Breaking the Symmetry to Help Visualize the Rotation

In order to monitor the rotation by near-field microscopy, a crucial problem lies in a
practical way to evidence the rotation. Due to the high symmetry of the molecule, two
images obtained after a fifth of a turn would be indistinguishable with a Cs-symmetric
rotor. However, this issue can be partly addressed using compounds of lower sym-
metry. For that purpose, we designed and synthesized a dissymmetrized rotor in
which one ferrocene electroactive group is missing [48]. Lowering the symmetry of
the molecule should help to prove a movement and monitor the rotation, the missing
ferrocene acting as a probe for the precise position of the rotor. Since the coupling of
four equivalents of ethynylferrocene with 1-bromo-1,2,3,4,5-penta(p-bromophenyl)
cyclopentadiene gives access to an unseparable mixture of penta-, tetra-, tri-, di- and
mono-ferrocenyl compounds, a rational synthesis of a dissymmetrized pentaphe-
nylcyclopentadienyl ligand, a tetra-ferrocenyl derivative, was needed.

The key feature of our strategy was to block one position of the Cp ring during
the synthesis of the pentaphenylcyclopentadiene building block. The cyclopenta-
dienone precursor was reacted with p-tolylmagnesium bromide to insert the fifth
phenyl moiety on the cyclopentadiene ring with a methyl group, as a convenient
probe, instead of a bromine atom in the para position (Scheme 3).
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Scheme 3 Synthesis of the dissymmetrized tetraferrocenyl molecular motor

Following the same methodology developed to prepare the pentaferrocenyl
derivative, the tetraferrocenyl molecular motor was obtained in three steps from the
brominated Cp.

5.2 Calculation of the Potential Energy Curve

To understand the rotation process of the rotor relative to the stator and the role of
the interaction between these two sub-units, theoretical calculations were performed
for a free molecule and for a molecule chemisorbed by its thioether groups to a Au
(111) surface. Despite the molecular complexity due to the large number of atoms
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Fig. 8 Top fifteen uniform potential wells of the ground-state potential energy for a 360° rotation
of the pentaferrocenyl rotor; bottom when one ferrocene is missing, the lower symmetry induces a
dissymmetry in the ground-state potential

composing the molecule (215) including one ruthenium and four or five irons and
while attached to the surface, the system mechanics can be described using a
simplified reaction path determined by minimizing the full conformation of the
molecule for each value of a collective rotation angle of the upper rotor around the
central Ru axis. Of course, we are aware that the rotation angle is not the only
possible motion. However, the presence of the stator and the relative rigidity of the
rotor allow the five arms to remain practically in the same plane during the rotation
process. The associated ground-state rotation energy profile was calculated by
means of the ASED + semi-empirical technique by forcing the rotation in steps of
one degree. Computational details can be found in Ref. [49]. The results are shown
in Fig. 8.

The asymmetry of the peaks arises from the interaction of the phenyl rings of the
arms with the legs of the stator, which are anchored to the surface. The combination
of the upper pseudo-Cs and the lower C; concurrent symmetries leads to 15
potential wells per turn and, thus, a period of 24° (a longer period of 120° is
observed for the tetraferrocenyl molecular motor). The ASED+ calculated rotation
barrier height is 0.25 eV for the pentaferrocenyl motor. In the case where one
ferrocene is missing, due to the lower symmetry, this barrier varies between 0.22
and 0.35 eV (Fig. 8) depending on the position of the truncated arm with respect to
the stator. It is worth noting that the asymmetry observed in Fig. 8 is the result of a
forced rotation. Therefore, this asymmetry is artificial since it is associated to the
pseudo-ratchet effect created by us when forcing the rotation, and thus, it is not an
intrinsic characteristic of the molecular motor.
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Due to the modulation of its rotation barriers, the motor with one ferrocene
missing thus seems to be a particularly interesting candidate to obtain a unidirec-
tional rotation.

5.3 Controlled Clockwise or Counterclockwise Unidirectional
Rotation

In order to obtain a unidirectional rotation, electrons were transferred through the
motor using the tip apex of an STM serving both as an observation instrument and
an energy source. Stepwise rotation has been performed at 4.6 K on a Au(111)
surface [49]. The direction of rotation depends on the blade of the rotor above
which the STM tip apex is positioned. The lack of one ferrocene induces an
asymmetry in the rotation, which leads to unidirectional motion into both clockwise
and counterclockwise directions. This has been achieved experimentally by selec-
tively exciting different sub-units of the motor: excitation of the truncated arm (the
arm with one ferrocene missing) induces clockwise rotation, while excitation on
one of the four ferrocene-terminated arms induces counterclockwise rotation
(Fig. 9).

Contrary to our initial design (Sect. 2.1), unidirectional rotation is obtained
without oxidation and reduction of the ferrocenyl electroactive groups. In this
vertical configuration using the STM tip as a source of electron and a metallic
surface as electron drain, the electron transfer processes are too fast to induce

Ferrocene arm: Truncated arm: .
STMtip  Counter-clockwise rotation Clockwise rotation _ STM tip

V2
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D e M MMINE A L(111) SUfaCe e e M

Fig. 9 Unidirectional rotation of the rotor obtained by positioning the STM tip on a ferrocene arm
or on the truncated arm
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oxidation or reduction processes. The electrons are tunnelling via different excited
states when going through different sub-units of the molecule. This induces rotation
in opposite directions, which can be reversed at will. For the first time, the direc-
tional rotation was solely determined by the internal molecular structure, inde-
pendently of the surface adsorption site, and it is possible to reverse the direction of
rotation at will.

6 Conclusion and Perspectives

Work is now underway to anchor these molecules on an insulating oxide surface in
view of addressing them as single molecules with two metallic nanoelectrodes
(horizontal connection) to see if rotation can occur via oxido-reduction processes.
Moreover, the synthesis of the next generation of molecular motors is also in
progress in order to estimate and explore strategies to use the work furnished by the
unidirectional rotation of the rotor. Although some progress has been made, it is
still a long way to practical applications.
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Assembling Supramolecular Rotors
on Surfaces Under Ambient Conditions

Josep Puigmarti-Luis, Wojciech J. Saletra, Asensio Gonzalez,
Lluisa Pérez-Garcia and David B. Amabilino

Abstract The formation of supramolecular rotor-type systems on surfaces under
ambient conditions is discussed. We present in detail the assembly of a rotor on a
gold surface from solution, where the surface acts as a stator, a pyridyl containing
thiol acts as the axle, and a C4 symmetrical porphyrin bearing “paddle-like” arms is
the intended rotator. The effective non-covalent attachment of the rotator to the axle
is achieved instantly in solution. However, when the axle forms part of a self-
assembled monolayer (SAM), the complex formation is practically negated if the
SAM’s organization is not appropriate. Thus, the SAM formed on gold by the
pyridyl thiol subject of this study does not bind the rotator part of the system—a
zinc(Il)porphyrin bearing four biphenyl moieties. This negative allosteric surface
effect can be overturned by combining the pyridyl thiol with dodecanethiol: the
resulting mixed SAM contains pyridyl groups which are oriented quasi-perpen-
dicular to the surface and are therefore available for binding. The difference in the
surface organization is achieved using only 1 part in 10 of the alkanethiol (which
forms small ordered domains alone). This dramatic effect may find use in other
areas where SAMs are used as template layers because the capacity for the surface-
anchored ligand to bind solution-borne compounds is affected by its orientation.
Exposure of this mixed monolayer to a solution of the zinc(I)porphyrin results in
attachment of this rotator component to the surface, which was imaged by scanning
tunnelling microscopy (STM). Alternatively, formation of the axle-rotator complex
in solution followed by chemisorption of this supramolecular object to the metal
surface leads (in places) to a dense layer of the rotators. The presence of the
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porphyrin was confirmed by mass spectrometry. The results show how the
bottom-up route employed can influence the arrangement of ligating moieties in a
monolayer, provide a protocol for the preparation of sparse and dense layers of
rotors on surfaces, and thereby help plot the road map to the bottom-up creation of
surface-based molecular machines based on interconnected rotors.

1 Introduction

A current challenge in molecular nanoscience is the assembly of nanometre-scale
functional systems using precise bottom-up surface modification [1-4]. Biological
processes such as cellular transport or muscle contraction are based on molecular
motion and function at interfaces on the micro- and even nanometre scale [5, 6] and
provide an inspiration for the fabrication and employment of synthetic molecular
machinery [7]. Control over the interfaces is essential in both systems for correct
function. Progress in conceiving man-made systems that are supported on a more or
less rigid material and that are able to perform some function is challenging for a
number of reasons. To control function and performance of molecular-sized
machines on surfaces has become a matter of great effort in recent years. Research
into molecular motion at the (sub)molecular level on surfaces has demonstrated
single artificial molecular machines [8—10], and yet very little is known about
systems and approaches that lead to an accurate geometry of anchoring on a sur-
face. A precise molecular orientation is important because minor differences could
cause large modifications of motional dynamics. The gap between artificial and
biological-based machinery remains considerably large at present because of the
difficulty in anchoring efficiently and accurately machine components using purely
bottom-up protocols from a substrate.

Considerable achievements have been made showing molecular motion on non-
chemisorbed or weakly bound systems under relatively extreme environments, i.e.
ultrahigh vacuum and low-temperature conditions [11-14]. For example, multilayer
assemblies of multidecker porphyrin complexes constructed on surfaces through
van der Waals interactions have currently led to the description of promising
supramolecular assemblies with rotational and electrical function at the nanometre
scale [15]. Surface spatial recognition and positioning and specific anchored con-
figuration are needed for further molecular machine system development. Only with
a specific surface structure in hand, can one tackle precisely a supramolecular
organization above it. Therefore, unlike mono- and multilayer physisorbed
assemblies [16], a key point for future development would be to design and con-
struct optimized surface anchoring supramolecular components.

A very interesting particular case is the formation of layers which contain rotor
systems in which the rigid axle is oriented perpendicularly to the surface with the
mobile components parallel to it [17-19]. We target solution-based bottom-up
methods for the preparation of supramolecular rotors (Fig. 1) [20]. Towards this
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Fig.1 A cartoon representing the kind of surface-based molecular rotor that is the objective of our
work

goal, we will use the axial coordination of large n-functional molecules—which can
be readily imaged using scanning probe microscopies and which act as rotators—
bound to axles which link to a surface which is the stator component.

A zinc(IT)porphyrin is used as the large n-functional molecule in our approach.
These compounds complex pyridyl-type ligands in an axial way, either in solution
[21, 22] or on a surface [23-26], so that the metal ion has square-based pyramidal
pentacoordinate geometry. Metalloporphyrins are great components for primitive
synthetic molecular machinery, especially double-decker systems where rotation of
one ring with respect to another takes place [27, 28], and of rotors and turnstiles in
solution [29, 30], systems where the porphyrin supplies energy from photoexcita-
tion to another component [31]. Also, their large size allows imaging of their
movement in some examples [32-34]. Therefore, the discovery of new mechanisms
for anchoring of metalloporphyrins on surfaces is potentially useful. Thereby, novel
functioning molecular machines could be effectively incorporated into surfaces and
eventually into devices.

As the surface, a flat metal will be used. The conductivity of this substrate will
allow imaging of the eventual system by scanning tunnelling microscopy (STM)
(and therefore, the axle part of the system should not be too long to allow for
efficient electron tunnelling). A flat, symmetrical surface will avoid any corrugation
affecting rotor movement: A (111) metal surface is therefore ideal, the lower
symmetry surfaces containing ruts and steps.

Here, we present results concerning the anchoring of the porphyrin rotator motifs
on the highest symmetry surface of gold (which is the stator) and the foundation for
the creation of these motifs whereby the axle that binds the rotator has its orien-
tation controlled in a self-assembled monolayer (SAM). The presence of the
monolayer is foreseen as being necessary to prevent the tipping of the axle and
“crashing” of the rotator into the surface. It also turned out in our studies that the
structure of the monolayer is essential to efficient binding, and the orientation of the
groups involved in the rotor must be controlled. This has been proven here firstly
using a mixed monolayer. We exploit a well-established and well-organized SAM
—a dodecanethiol monolayer—on metallic gold to force the orientation of a
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pyridine end group in a particular way. The aim is to orient the pyridine moiety
perpendicularly from the gold surface plane so that the coordination of a zinc—
porphyrin derivative can be achieved readily. If the ligating pyridyl group were
tilted to the perpendicular, one would expect that binding of the porphyrin would be
more difficult because the side groups on the porphyrin core could come into
contact with the surface even before binding took place, making the system too
dynamic in the best-case scenario. On the other hand, solution-based preassembly
of the rotor is an efficient pathway to a monolayer with oriented axle components.
The bottom-up assembly of this kind of multicomponent system—comprising
surface, two-component monolayer, rotator and solvent—is a step towards novel
surface-based functional molecular systems where “intelligent” components can
self-assemble onto substrates to give complex arrangements that display novel
behaviours at the molecular and supramolecular level.

2 Results and Discussion

The thiol 1 (Fig. 2) was used as the axle component. The conformation of this
molecule on the gold surface should allow the perpendicular arrangement of the
dipole of the pyridyl ring to the substrate when the thiol is attached to it by
chemisorption as a result of thiolate formation. This hypothesis is based on the
assumption that the gold—sulphur bond is perpendicular to the gold surface (Fig. 2).
In between these axle components, molecules of 1 that are not complexed in the
eventual rotor serve to fill the space underneath the porphyrin; dodecanethiol (2,
Fig. 2) was also used for the space-filling purpose. Although longer than 1, 2 forms
well-defined layers that can be identified by STM [35, 36] and on the other hand
could serve to restrict the motion of the rotator which could otherwise have rapid
motion on the timescale of the STM experiment.

The SAMs (Fig. 2) of the thiols 1 and 2 chemisorbed onto Au(111) surfaces
were visualized individually by STM in air. These studies were conducted on
SAMs of the separate thiols in order to understand the organization of the two
molecules in their own right under identical adsorption conditions and to explore
whether molecules of 1 have observable pyridyl groups standing quasi-perpen-
dicular to the surface plane in the monocomponent assembly, as we had envisaged.
Figure 2a shows a representative STM image of 1 chemisorbed on Au(111) by
deposition of a toluene solution of the molecule. The white areas present in the
STM images correspond to higher tunnelling current when compared with the
darker surround where tunnelling current is lower. The brighter areas logically
correspond to the pyridyl rings [37]. A disordered layer of molecules of 1 is patent
on the gold substrate when compared with that of a SAM of 2 on a similar Au(111)
film and formed under identical conditions. Figure 2b shows a familiar highly
organized SAM of 2 on gold. Details of the internal structure and packing
arrangement are presented in a close-up image showing the unit cell packing
structure of 2 on Au(111) (Fig. 2b inset). In fact, molecules of 2 organize forming a
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Fig. 2 The chemical structures of 1 and 2 and images recorded using scanning tunnelling
microscopy in air of self-assembled monolayers on Au(111) of a 1 (I, = 0.05 nA, Vs = —0.8 V)
in topographical mode and b 2 (I;; = 0.6 nA, Vy,s = 0.85 V) in current mode on Au(111). The
closely packed arrangement and the unit cell present in SAMs of 2 are evident in the inset in
b. Below are the representations of the possible conformations of the pyridyl thiol in the layer and
the well-ordered structure of dodecanethiolate

dense and stable (V3 x +3)R30° hexagonal lattice, a superstructure that is
commensurate with the metal substrate, with distances between each molecular unit
of 0.5 nm, as seen previously [35, 36]. With respect to the self-assembly of 1 on Au
(111), similar non-periodic structures have been observed for SAMs of other aro-
matic thiolates on gold [38], where data indicated a lying-down arrangement of
molecules on the surface, that is in a co-parallel orientation with respect to the plane
of the surface (Fig. 2), a conformation which in principle is not convenient for our
proof of concept adlayer formation with a zinc(Il)porphyrin derivative.

Hence, our results indicate that 1 does not organize forming densely packed
SAMs on gold, possibly as a result of the interactions of the pyridyl ring with the
gold surface and the lack of significant lateral packing forces, such as edge-to-face
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m-interactions or van der Waals interactions, that could produce a periodic structure
commensurate with the metal substrate, as in the SAM of 2. Our suspicions con-
cerning the poor orientation were confirmed when the monolayer of 1 was exposed
to a solution of the porphyrin 3 in toluene, which forms a complex in the same
solvent with the ligand (vide infra, Scheme 1). While the attachment of the rotator
to the surface can be seen clearly by STM in other cases (vide infra, Figs. 4 and 5),
for a monolayer of 1, features that could correspond to 3 were hardly ever observed.
As to be expected, because there are no molecular recognition sites in the SAM of
1, it is even less capable of binding than the monolayer of 2 and no adsorption of
the porphyrin to the surface was witnessed.

The preparation of mixed SAMs wherein a compound forming a well-defined
periodic layer acts as a guide for organization of a co-adsorbent in a more precise
position is appealing. In order to improve the orientation of 1 with respect to the
gold surface, this thiol was co-deposited with 2 (at different proportions) to give
mixed SAMs that were studied by STM at room temperature. The STM images of
the mixed SAMs deposited at solution molar ratios of 1:1 and 10:1 of 1:2,
respectively, are shown in Fig. 3. It is important to note that unlike the SAM of
pyridine derivative 1 (Fig. 2a), the 1:1 mixed SAM has regions of distinct repeat
structure. One can observe striped domains in the STM image, which contain
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Scheme 1 Routes to surface-anchored supramolecular rotors described in this work
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Fig. 3 STM images of mixed SAMs comprising 1 and 2 at solution deposition ratios of A 1:1
(Iset = 0.04 nA, Viias = —0.8 V) and B 10:1 (Iyr = 50 pA, Viins = —0.8 V), respectively. Yellow
arrows indicate areas of monolayers formed by 2. C Shows an expanded region of the SAM
incorporating 1 in image b. Lines (a) and (b) corresponding to the profiles shown below the image

brighter spots presumably associated with the pyridyl rings of 1 (Fig. 3a). The
appearance of stripe features was never observed in homo-monolayers of the pyr-
idyl compound 1 alone. We hypothesize that this better organization of 1 in the
mixed SAM as compared with the pure SAM is induced by the surrounding ordered
area of 2 present in the sample. In similar mixtures of totally different thiolated
moieties with different functions on gold, a similar ordering effect has been
observed previously [39]. The molecular resolution in the STM images of the layer
of 1 and 2 at a deposition ratio of 1:1 was very limited, probably because molecules
of 1 are partially overshadowed by the taller molecules of 2. The difference in
length between the component molecules complicates their clear imaging on gold
and makes their simultaneous visualization by STM extremely difficult, as previ-
ously reported by others for mixed SAMs [40]. A feature that indicates the trouble
encountered is the high amount of noise lines appearing in the STM images of these
SAMs, despite the measuring of different samples and with different tips (Fig. 3a).
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We were not even able to observe the highly ordered structure formed by 2. Owing
to the poor imaging conditions, and the need for good resolution in subsequent
experiments, in an attempt to optimize the arrangement and orientation of 1 on the
Au(111) surface, SAMs with a higher content of 1 were studied.

The STM images of the mixed SAM formed by 1 and 2 from a solution ratio of
the thiols of 10:1, respectively, are surprisingly well resolved (Fig. 3b), particularly
compared with the 1:1 mixture. Notably, in this case, the thiolates formed from 1
can be observed to line up neatly, side by side, with an ordered spatial environment
of the pyridyl groups over the gold surface lattice. Neighbouring pyridyl moieties
have a distance between their centres of approximately 0.9 nm [Fig. 3c (a)]. This
distance is significantly larger than the expected separation between molecules of 2
in SAMs of the pure compound, which is 0.5 nm [35, 36].

These results are consistent with spacing distances determined for aromatic- and
alkane-thiolated-based SAMs on gold [36]. The distance between the centres of the
rows of molecules of 1 is about 1.1 nm [Fig. 3c (b)], parameters that are not
consistent with a lying-down conformation of the thiolate, in which the inter-row
distance is predicted to be 50 % bigger [41]. Rather, a tilted arrangement must be
present because a completely perpendicular arrangement would give rise to a
shorter distance between molecules. Therefore, apparently, a preferential arrange-
ment arising from the co-deposition of molecules of 2 is observed. In addition to the
pyridine striped-line structure present in the 10:1 mixed SAM, locally segregated
(/3 x ¥3)R30° structures assigned to domains of 2 are present in the monolayer
(Fig. 3b yellow arrows). The dramatic influence of a minority densely packed
alkylthiol SAM (2 in this case) can have on the ordering, and orientation of a
ligand-based thiolated molecule, such as 1, is unprecedented as far as we are aware.
Even small proportions of alkylthiol can give rise to this effect, in the present
system 10 %. This phenomenon could be useful because the surface-anchored
ligand’s ability to bind compounds in solution over the layer to give surface-
attached complexes will be changed upon varying the direction in which it points
with respect to the surface.

As a proof of concept in the use of oriented ligands for substrate binding and to
approach our goal of creating surface-based rotors, with this nicely imaged mixed
SAM available, the coordination studies were conducted using the pyridyl units for
complexation of the zinc(Il)porphyrin derivative 3 that has C, symmetry [42]. As
shown in Scheme 1, the biphenyl units were incorporated into the porphyrin core to
act as paddles. We reasoned that this feature would facilitate visualization of an
eventual azimuthal molecular rotation on a surface by STM.

The 10:1 mixed SAM was placed in a toluene solution of 3 (1 x 104 M) for
12 h. The samples were then washed with toluene thoroughly to remove non-
specifically physisorbed molecules of 3 before STM analysis was then conducted
on the dry monolayer (Fig. 4). Interactions between 3 and the pyridyl coordination
sites in the mixed SAM are expected in this particular case where pyridyl groups
apparently emerge quasi-vertically from the surface and can coordinate the zinc(II)
ion at the centre of the porphyrin ring (Scheme 1).



Assembling Supramolecular Rotors on Surfaces ... 135

Fig. 4 Typical wide area STM images of adsorbed 3 on mixed SAM of 1 and 2 at a 10:1 ratio on
Au(111)

Although the interaction between porphyrin and ligand is relatively weak (when
compared with covalent bonds) and in principle reversible, it still facilitates the
favourable coordination of one building block to the other on the surface, as
demonstrated by both mass spectrometry and STM. Laser desorption ionization
time-of-flight (LDI-TOF) mass spectrometry studies clearly support the presence of
complexes 4 on 10:1 mixed SAM surfaces with a distinctive peak appearing at
980 m/z.

Figure 4 shows representative STM images of complexes formed from a 10:1
mixed SAM of 1 and 2 and deposition of 3 from solution. Bright areas of high
tunnelling current and with uniform diameter (approximately 3 nm) and contrast
were observed. We assigned the higher conductive areas in the STM images to the
porphyrin cores coordinated with the pyridine groups in the monolayer. The por-
phyrin units in the complexes—that would correspond to the circular regions of
high tunnelling current—cannot be imaged with sub-molecular resolution in these
STM images, and furthermore, the images are noisy, possibly as a result of the
interaction of the tip with the molecule. In this layer, vertically oriented molecules
of 1 are assumed to coordinate the porphyrin molecules in an azimuthal rotor
configuration, where rotation about the axis defined by the nitrogen—zinc bond
could enhance the apparent image size of the porphyrin significantly. Unfortu-
nately, the resolution of the STM imaging of the porphyrin complex in the layer
could not be improved under the experimental conditions used; however, the
porphyrin azimuthal rotation denoted in our STM images is consistent with liter-
ature data showing pivoting around a central pivot point of freely moving single
molecule on Au(111) [43]. The rotation of 3 perpendicular to the axle units 1 would
cause a blurry image during acquisition by STM, as shown in the close-up STM
image in Fig. 4b. We attribute the blurring effect at the edges of 3 to the weak
interaction of the biphenyl units with the 10:1 mixed SAM underneath. This effect
might be surprising, because the surrounding molecules of 2 are actually longer
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than the pyridyl derivatives and as such we expected them to act as a hindrance to
rotor formation: empirically, the alkyl thiol does not seem to be sufficiently influ-
ential to stop motion.

Importantly, no bright areas were observed with SAMs of either 1 or 2 after 12-h
immersion in a toluene solution of 3 (1 x 107 M), corroborating the poor coor-
dination ability assigned to the lack of order in the monolayer of 1 on Au(111) and
confirming that the dots of high tunnelling current arise from a specific binding to
the SAM rather than to non-specific adsorption.

The adhered molecules of 3 are distributed randomly on the surface with low
coverage and no order even very locally. The pyridine anchoring sites of 1 present
in the 10:1 ratio mixed SAMs—despite being better organized than in the pure
monolayer of 2—do not provide optimum sites for binding of 3, possibly because
high steric energy barriers may exist during the complexation of the porphyrin from
solution. This situation would lead to the randomly distributed porphyrin com-
plexes in the SAM. The possibility that a negative allosteric effect could be
impeding the coordination of molecules of 3 on the pyridyl groups in the 10:1
mixed SAM was supported by the results of functionalizing the Au(111) directly
with a solution of the complex 4 from toluene.

Thus, prior to surface adsorption, the binding of 1-3 in solution to give complex
4 (Scheme 1) was determined by a titration using UV-visible absorption spec-
troscopy: the coordination complex forms in solution with great efficacy. In toluene
—the solvent used for deposition of the material—the titration experiment showed
an increase in the absorptivity of the solution as the pyridine derivative was added
[20] because of the greater solubility of the complexed porphyrin when compared
with its pure form. The result shows the benefits of axial coordination for the
processing of this kind of material from solution.

Exposure of an Au(111) surface for 12 h to complex 4 in toluene led to an
efficient adsorption of the nominal rotor. Much higher coverage was observed when
compared to prior formation of monolayer, followed by rotator attachment. As is
evident from inspection of the STM image in Fig. 5a, a high density of large objects
is formed by direct adsorption of 4 on the gold. The feature size (the light dots of
approximately 4 nm diameter) is very similar to that of the complexes observed
from the adsorption of 3 to the 10:1 mixed SAMs (Fig. 4a, b). This experimental
result emphasizes that the presence of anchoring groups on the gold substrate
markedly limits the number of coordination events, probably as a result of the steric
hindrance during the coordination process on a functionalized surface and/or by the
high number of constraints induced by molecules of 2 present in the 10:1 mixed
SAM. However, in the layer formed from complex 4, some of the dots assigned to
the porphyrin complex are wider and much brighter than others. The features are
approximately 30 % larger than the duller objects (that have the expected dimen-
sions of the porphyrin molecule). The profiles in Fig. 5 show the two types of
feature next to one another.

As the duller objects are similar in size and shape to those seen in the adsorption
of 3 to the mixed SAM of 1 and 2, their environment is presumably similar in the
two layers where non-complexed 1 could be located underneath the rotator in the
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Fig. 5 STM images of complexes 4 adsorbed on Au(111) through a deposition of the complex 4
from toluene solution and b the complex 4 and 2 from toluene solution

SAM. This observation points to non-homogeneous binding sites for the rotator
when the complex 4 is deposited and possibly to different dynamics in these
positions. The observation of different environments corresponding to the same
complex highlights the tremendous influence that the assembly approach used has
on the dynamics, homogeneity and structural surrounding the adhered rotor.

When a mixture of 1 (1 x 107> M), 2 (1 x 10"* M) and 3 (1 x 10~* M) in toluene
was used for direct functionalization of Au(111) to give a mixed monolayer with (in
principle) similar composition to that formed by the attachment of 3 to the pre-
formed mixed SAM of 1 and 2, a significant number of bright areas were observed
by STM, corresponding to anchored rotor 4 (Fig. 5b). When compared with the
attachment of the complex 4 alone, the number of attached porphyrins is inferior.
However, it is superior to that of adsorption of 3 to the preformed mixed SAM of 1
and 2. It is not possible at this stage to give a precise reason for these experimental
observations; however, a possible rationale would be the very different diffusion
coefficients of the compounds in solution. The diffusion would be expected to be
faster for 2 when compared with complex 4. This situation would prompt prefer-
ential transport of 2 through the fluid and chemisorption to the metal surface before
the larger complex arrived, so its adsorption on gold from the solution would be less
probable. As in the case of the direct adsorption of 4 on the gold, the porphyrin
exhibits different environments in the STM images. Some complexes exhibit high
tunnelling current and large dimensions. This feature indicates that the gold surface
is close to the porphyrin, again demonstrating the route-dependent outcome of
complex environment in the SAM.
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3 Conclusions

We have outlined here two feasible strategies for the preparation of supramolecular
rotors on a solid surface from solution, each one giving rise to a distinct surface
density of the nominal molecular machine component. In the first route, the rotator
group is attached to a surface-anchored axle which requires prior defined orientation
with respect to the surface so that it can bind the rotator. To achieve this goal, the
orientation of pyridyl groups in a molecule that is not naturally tilted perpendicu-
larly to a Au(111) surface can be modulated by employing mixed SAMs. A well-
packed alkane thiol assembly suffices to force the pyridyl thiolate into a quasi-
perpendicular direction to the substrate plane making the nitrogen atom available
for complexation, a situation that is not present in homo-SAMs of the pure ligand.
Surprisingly, only small amounts of the alkane thiol were necessary to induce order
and a quasi-vertical orientation of the pyridyl moieties with respect to the gold
substrate. This influence in the arrangement at the molecular level on surfaces
enables recognition sites to be created for subsequent adlayer formation and hence
opens up the way for the manufacture of complex hierarchical assemblies from the
bottom-up. This route leads to a relatively low coverage of rotors on the surface
when compared with a direct attachment of the non-covalent complex of axle and
rotator components directly onto the surface (which acts as a stator). In this latter
case, different surface environments are observed for the porphyrin. The homoge-
neity of the rotator environments is far higher when the porphyrin is adsorbed onto
the preformed mixed monolayer. The reason for this heterogeneity upon formation
of the layer from the complex is due to the conformational freedom of the supra-
molecular object upon chemisorption, and that once formed, thiols do not penetrate
between the porphyrin and the gold surface.

The mixed SAMs allow the formation of specific anchoring/recognition sur-
faces, but the interaction between the pyridyl ligand and the metalloporphyrin is not
sufficiently strong to lead to dense layers of rotors. If this limitation can be over-
come, by modifying ligand and porphyrin characteristics, the combination of sur-
face molecular design with surface-assisted recognition assembly could originally
be employed to localize site-specifically a broad number of different molecular
functional systems on a surface, which undoubtedly holds great promise for future
bottom-up assembly of molecular machines and other functional supramolecular
systems. Using this approach, we predict that it will be possible to reveal new
physical phenomena at the nanoscale [17, 44, 45]. The case described here of the
formation of rotor components on the gold surface could act as inspiration for a
number of systems which could have novel nanoscale machine characters. In this
sense, we are presently working on related rotator components [46].
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Single Molecular Machines
on Semiconductor Surfaces

Younes Makoudi, Frank Palmino and Frédéric Chérioux

Abstract The development of nanomachines is a key challenge for the future
electronics, energy conversion, biology, and medicine. Semiconductor surfaces
have been one of the basic elements of many technologies for 40 years. However,
despite their promising interest, semiconductor-based nanomachines are almost
unstudied. In this work, a panel of single nanomachines-based semiconductor
surfaces is described. The role of molecule—surface interaction for the development
of nanomachines is highlighted.

Keywords Molecular machines - STM - Semiconductors - Activation - Molecular
interaction - Switch

1 Introduction

The formation and control of artificial molecular nanomachines adsorbed onto a
surface are two of the most promising challenges in nanotechnology [1-6]. Most of
the studies on surface-mounted nanomachines by STM have been achieved on
noble metal substrates. Nevertheless, from the viewpoint of future hybrid organic/
inorganic molecular devices, while molecular interaction with metallic substrates is
better understood, semiconducting interfaces are natural choices due to their wide-
range acceptability by the industry. In this chapter, we propose to review some
proofs of concept of single molecular machines on semiconductor surfaces. The
development and fabrication as well as the activation of nanomachines are
described. The role of molecule—surface interaction is described in detail due to its
important role for the achievement of molecular machines on semiconductors.
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2 Molecular Motions

2.1 1D Molecular Rotation

Semiconductor surfaces in ultra-high vacuum are well known to interact strongly
with organic molecules. For example, on Si surfaces, several dangling bonds can
lock the molecules adsorbed onto the surface. To circumvent this problem, we need
to use less reactive surfaces. In the case of molecular rotation, one of the possi-
bilities is to anchor the molecule to only one dangling bond acting as a rotation axis.
This idea has been developed on Si(100)-2 x 1 surface with metal phthalocyanine
molecules (MPc) [7, 8]. The authors have shown by STM that on the Si(100)-2 x 1
reconstruction, CoPc and CuPc are bound to the surface via their central metal
atom. In these conditions, the molecules, parallel to the surface, are in a stationary
position (Fig. 1a). To induce a rotation via a single dangling bond, the surface must
be, in a first step, passivated. The Si(100)-2 x 1 H-passivated surface is achieved by
the exposure of the initial substrate to 1 x 107 Torr of hydrogen for 10 min with a
hot tungsten filament. Subsequently, isolated dangling bonds are created by feed-
back control lithography (FCL) using the STM tip to induce the desorption of one
hydrogen atom (Fig. 1b).

After evaporation of MPc onto this surface, the 4-lobe structures previously
observed were not detected but circular depression with a double diameter of CoPc
is observed. This is assigned to one MPc molecule bound to the surface through its
outer benzene ring which rotates as depicted in Fig. 1c. A molecular modeling
study confirmed that bonding between the benzene ring and the surface induces the
lowest adsorption energy. Due to the hydrogen-passivated surface, the adsorption
energy difference for different angles around the rotation axis is negligible com-
pared to kT energy. In these conditions, the CoPc molecule rotates easily around the
benzene ring.

Fig. 1 a STM CoPc image on Si(100)-2 x 1 surface (Vs = =2.5 V, It = 0.2 nA) showing three
different configurations. No rotation is observed. b Si(100)-2 x 1:H surface where the bright
protrusions correspond to dangling bonds made by FCL (Vs = =3 V, It = 0.2 nA). ¢ Schematic
view of CoPc anchored to a dangling bond via one of its benzene rings and rotated around this
benzene ring (Vs = =2 V, It = 0.2 nA). Reprinted with permission from [8]
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2.2 1D Molecular Sliding on InSb

Thermally activated motion often leads to a molecular Brownian motion [4]. To
control the direction of the motion, the use of 1D periodic surfaces or step edges is a
good choice to induce a linear movement. Contrary to metallic surfaces, which offer
few possibilities to obtain 1D periodic surfaces (Cu—O/Cu [9] or Au(111) [10]),
semiconductor or metal-semiconductor interfaces possess a high number of 1D
surface reconstructions [11-14]. Few of them have been tested for molecular
motion; nevertheless, the results obtained on InSb or SmSi are very convincing. In
each case, we can note that the adsorption site as well as the matching between the
surface unit-cell dimension and the molecular dimensions is a crucial factors to
obtain good conditions for the achievement of matter transport.

The InSb(001)-(8 X 2) reconstructed surface is strongly anisotropic and consti-
tuted by In chains in the top adlayer. Molecular diffusion along the chains has been
observed with PbPc [15, 16], a non-planar phthalocyanine, as well as CuPc [17], a
planar molecule. On the CuPc/InSb(001) interface, CuPc molecules are adsorbed
along the step edges and on the terraces (Fig. 2).

Along the step edges, in the [1-10] direction, the molecules are very weakly
bound to the surface and appear like two protrusions, while in the [110] direction,
the molecules are strongly bound to the surface and no change is observed after
several scans. On terraces, some noisy horizontal lines indicate mobile molecules
while CuPc molecules appear as eight separated protrusions centered over the
bright substrate rows, which correspond to the topmost In atoms. CuPc molecules
form chains constituted by a few molecules, which diffuse between two frames.
These room temperature STM observations show the high mobility of the mole-
cules along the [110] direction. Based on symmetry considerations, an adsorption
model is proposed in Fig. 3.

Two interactions are suggested between molecules and the surface: one between
the Cu atom and the In adlayer atom, and the second one between the nitrogen
atoms and the In adlayer atom.

(a) (®) 2
i | | /

Fig. 2 a Large-scale STM image of CuPc/InSb(001)-(8 x 2) interface (100 x 100 nm?, Vs=—-1V,
It = 0.3 nA). The white frame indicates the area scanned and shown in b and c. b and ¢ show CuPc
molecular diffusion between two STM frames (30 x 30 nm% Vs=—-1V, It=0.15 nA). Reprinted
with permission from [17]
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Fig. 3 Adsorption model
a top view and b side view of

CuPc on InSb(001)-(8 x 2)
reconstruction. The copper
atom is always positioned

over the In adlayer atom. A
major interaction is possible
between In and nitrogen

atoms. Reprinted with

permission from [17]
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2.3 1D Molecular Sliding on Rare Earth Silicides

Due to their low lattice mismatch and their valence changes, rare earth silicides on
Si(111) induce a high number of reconstructions depending on rare earth coverage
and annealing temperature. In particular, the SmSi(111) interface possesses a
complex surface phase diagram with four different 1D reconstructions in the sub-
monolayer range (Fig. 4) [18]. These reconstructions are based on a combination of
Si honeycomb chain channels (HCCs), Si Seiwatz chains, and Sm rows. They
appear like large stripes on the STM images (Fig. 5 b, ¢). The main interest of these
reconstructions with similar electronic properties is the possibility to adapt the
periodicity of the unit cell (X3, x5, x7, or x8) to the molecular dimensions.

The 1,4-di(9-ethynyltriptycene)benzene molecule (DETB) (Fig. 5a) has been
used to study the directional molecular sliding on the (8 x 2), the (5 x 1), and the
(7 x 1) reconstructions described in Fig. 5 b—e [13, 19]. This molecule has been
chosen because the distance of 1.64 nm between two Sm rows of SmSi interface
corresponds to the length of the molecule.
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Fig. 4 Surface phase diagram of SmSi(111) interfaces. The (3 x 2), (8 x 2), (5§ x 1), and (7 x 1)

are 1D reconstructions in the submonolayer Sm coverage

Fig. 5 a The 1,4-di
(9-ethynyltriptycene)benzene
molecule (DETB). b—e STM
images (32 x 32 nm>,

Vs =2V, It =0.18 nA) and
structural models of both
(5% 1)and (7 x 1)
reconstructions. Reprinted
with permission from [19]

(@)

On the SmSi(111)-5 % 1 reconstruction at room temperature, the DETB appears
on STM images like two paired protrusions attributed to the two triptycene wheels.
All the DETB molecules are adsorbed onto the large stripes and are self-aligned
along the [1-10] direction with the triptycene wheels above two Sm chains as
described in Fig. 6b. Some noisy lines, corresponding to molecular diffusion, are
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Fig. 6 a Isolated DETB molecule on SmSi-(5 x 1) (7 x 7 nm?% Vs=1.8 V, Ir=0.7 nA). b DETB
adsorption model on (5 x 1) reconstruction. ¢ Interface for 0.3 monolayer molecule coverage.
Noisy stripes correspond to DETB diffusion along Sm rows. d Interface for 0.9 monolayer
molecule coverage showing the self-alignment after the surface diffusion. Reprinted with
permission from [19]

observed along the stripes and prove that the movement is guided by a strong
template effect of the surface.

The study of the template effect of the surface on the adsorption and the diffusion
of DETB molecules has been done by Bouju et al. [19]. By using a larger unit cell, the
SmSi-(7 x 1) instead of a the SmSi-(5 x 1), they shown that the DETB molecules can
be adsorbed with a new orientation where their main axis is now perpendicular to the
Sm rows (Fig. 7a, b). In these conditions, the molecular motions induce dual frizzled
bands on the STM images (black arrows in Fig. 7) corresponding to the two-tripty-
cene wheels. A semiempirical calculation (ASED-MO) confirms that in this orien-
tation, the energy barrier is the most favorable to a sliding onto the surface and that the
DETB molecules are confined between two HCC channels.

3 Tools to Induce Molecular Motion at a Semiconductor
Surfaces

Self-assembly is an important tool in nanotechnology [20, 21]. In order to achieve
self-assembly growth, molecules must be free to move across a surface. However,
because of the dangling bonds, this movement is not often possible without an
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Fig. 7 a STM image of
DETB molecules on
SmSi-(7 x 1) (15 x 15 nm?,
Vs = 1.8 V, It = 0.02 nA).
b DETB adsorption model
which induces the sliding
perpendicular to the Sm rows.
¢ STM image showing the
DETB sliding and the
formation of dual bands
(black arrows). Reprinted
with permission from [19]

external intervention. The idea is to provide some energy to the system (molecule/
surface) in order to overcome molecule—surface interactions and diffusion barriers.
Three sources of energy (heat, light, or electrons) can be available in a STM
chamber and can be used to induce molecular motions on semiconductor surfaces.

Despite the importance of this step for the development of molecular electronics,

only very few examples dealing with the subject are available in the literature.

3.1 Heat

The usual and easiest method to provide energy in a STM is based on the heating of
the investigated system. Our work in this domain illustrates well the effect of
temperature in self-assembly formation [22-24]. Although molecular deposition
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BEFORE HEATING b) AFTER HEATING

Fig. 8 STM images recorded at room temperature of a Si(100)-(2 X 1) surface exposed to 0.04 L
dose of chloropentane. a Before heating the surface at 150 °C during 30 s (Vs = —1.6 V,
It = 0.2 nA, 15 x 15 nm?). b After heating (Vs = =2.5 V, It = 0.2 nA, 11 x 11 nm?). Physisorbed
lines of CP are imprinted as chemisorbed lines of Cl pairs. Reprinted with permission from [25]

was performed at room temperature, this thermal energy was sufficient for mole-
cules to overcome diffusion barriers and then form different self-assemblies.

Heat can also be used to activate a local atomic reaction (LAR) as reported by
Harikumar et al. Indeed, LAR of the physisorbed lines of 1-chloropentane (CP)
pairs was induced by heat [25]. Figure 8 shows representative images of physi-
sorbed lines of CP pairs after dosing at room temperature and after heating to
150 °C for 30 s. Some lines have completely reacted after heating and producing
new lines of pairs of Si—Cl covalent bonds.

This result shows that we can transform a weakly attached physisorbed pattern,
by using heat as source of energy, in order to induce chemical reaction with
semiconductor surface and so rendering the pattern permanent.

3.2 Electrons

Excitation of molecules at a surface can be achieved by the STM tip and can induce
molecular motions in four possible directions: (1) toward the surface (transition
from a physisorbed interaction to chemisorbed one) [26]; (2) away from the surface
(desorption) [27]; (3) parallel to the surface (migration, diffusion) [28]; or (4)
rotating around a point of the surface (molecular switch) [29]. The third case is the
direction favoring the self-assembly.

Harikumar et al. [30], for example, showed that electron excitation of chemi-
sorbed benzene at Si(100) causes long-range (around 48-35 A in Fig. 9) molecular
recoil in the plane of the surface as illustrated in Fig. 9. This movement is induced
by an electron pulse (=2 V, 0.2 nA, 1 s) with the STM tip and is followed by a
chemisorptive reattachment of the molecule. The migration is due to molecular
cartwheeling rotation. It is directed along the dimer rows and over a missing dimer
defect, carrying the molecules over raised surface obstacles.
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1 Before pulse 1 After pulse

Fig. 9 Benzene migration over Si(100)-(2 x 1) surface at room temperature. STM images
(Vs = =15V, It = 0.2 nA) of the same area before and after an electron pulse (Vs = =2V,
It = 0.2 nA, 1 s). Reprinted with permission from [30]

3.3 Light

Although this excitation source is widely used in air and in liquid environments
[31], to our knowledge, only one example has been reported for its use in UHV and
on semiconductor surfaces. This example concerns, once again, the Harikumar et al.
[25] work concerning 1-chloropentane on Si(100) surface. Like in the case of heat
as energy source of excitation, LAR of the physisorbed lines of CP pairs can also be
induced by light. Indeed, Fig. 10 shows photo-imprinted Cl lines after 2 h of laser
irradiation of physisorbed CP on Si(100)-(2 x 1) surface. The photo-induced
reaction is due to electrons ejected from the substrate rather than direct excitation of
the molecule.

BEFORE LASER AFTER LASER

Fig. 10 STM images recorded at room temperature of a Si(100)-(2 x 1) surface exposed to 0.04 L
dose of chloropentane. a Before laser irradiation (Vs = -2V, It =0.2 nA, 25x 25 nm?). b After 2 h
of laser irradiation (Vs = =2 V, It = 0.2 nA, 18 x 18 nmz). Physisorbed lines of CP are photo-
imprinted as chemisorbed lines of Cl pairs (white rectangles). Non-reacted physisorbed CP lines
are highlighted by blue broken rectangles. Reprinted with permission from [25]
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4 Bistable Molecules as Model Systems of Molecular
Machines

4.1 Adsorption of Bistable Azobenzene Molecules
on Semiconductors

The most basic approach to study molecular bistability on a surface consists in the
deposition of a molecule that is intrinsically bistable. Then, in a second step, one
checks whether the molecular bistability is maintained or altered by the presence of
the surface. Azobenzene derivatives have been deeply investigated as model system
of bistable molecules in gas phase or in solution [32-37]. The presence of a N=N
double bond located between two phenyl groups allows a reversible isomerization
between trans and cis structural isomers (i.e., diastereoisomers). The adsorption of
azobenzene derivatives has also been investigated on noble metal surfaces at low
temperature (<100 K) [38—48]. The switching processes are based on the isomer-
ization of molecules induced by an external stimulus, such as light or temperature
(which are also used in gas phase or in solution experiments), inelastic tunneling
electrons (IET), tip-induced molecular deformation, and electric field due to the
presence of the STM junction. Semiconductor surfaces are fascinating for surface
photo- or tip-induced switching due to their tunable optical and electronic
properties.

The adsorption of trans-azobenzene (TAB) and cis-azobenzene (CAB) was
investigated on Ag/Ge(111)-(¥3 x ¥3)-R30° by Wu et al. [49] at 100 K. Single TAB
molecules were observed as two paired lobes on the surface. The formation of large,
well-organized, and closely packed domains was achieved by increasing the cov-
erage rate. From in situ observation of the substrate lattice, the TAB adsorption site
was determined. TAB monolayer is commensurable with the substrate and forms a
(2 x 1) structure (Fig. 11). The driving forces of TAB monolayer growth are
hydrogen bonds between TAB molecules and molecule—substrate interactions.
CAB molecules have been deposited on the same surface. However, it is quite
difficult to obtain pure CAB molecules because of their unstability (spontaneous
isomerization). Therefore, a mixture of TAB and CAB, containing 10 % of CAB,
was adsorbed on the surface. CAB molecules are adsorbed on TAB domain
boundaries. CAB molecules appear as two paired lobes, one spot being brighter
than the other due to one out-of-plane phenyl group. Despite many attempts, TAB
photoisomerization is unsuccessful on Ag/Ge(111)-(3 x +/3)-R30°. The absence of
TAB photo-isomerization is explained by the strong TAB—surface interaction that
leads to a surface energy relaxation instead of the desired isomerization process.

Decreasing the molecule—surface interactions seems to be a key point for the
successful achievement of azobenzene isomerization on semiconductors. Molecule—
surface interaction can be tuned by using:

e Passivated semiconductors
e Tailored molecules
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Fig. 11 a STM image (5 x 10 nm?) of a TAB monolayer on Ag/Ge(111)-(/3 x ¥3)-R30°. The tip
bias is altered during the scan to image simultaneously the TAB molecules (upper part with
Vs = —1.69 V, It = 80 pA) and the hexagonal pattern of the substrate atoms (lower part with
Vs = —1.69 V, It = 80 pA). b Structural model of image shown in a. Reprinted with permission
from [49]

When n-conjugated molecules, such as azobenzene derivatives, are deposited on
a semiconductor, the main contribution to the molecule—surface interactions is the
interaction of the molecule’s m-electrons and electrons of surface dangling bonds.
Recently, we have demonstrated that the molecule—surface interactions can be
controlled by using the Si(111)-B-(3 x v3)-R30° surface, noted Si(111)-B. The
silicon adatoms dangling bonds are depopulated because of the presence of a boron
atom underneath each silicon adatom, leading to a weak m-conjugated molecule—
surface interaction [22, 24, 50-52]. In all these cases, molecule—surface interaction is
weak enough to achieve the formation of large-scale supramolecular networks. In
order to check the feasibility of azobenzene isomerization on a Si(111)-B surface, we
tried to deposit TAB molecules on this surface. However, the observation of single
or self-assembled TAB molecules was impossible in the 100-300 K temperature
range. Another azobenzene derivative, 4-pyridylazobenzene (PAB) molecule, has
been synthetized (Fig. 12). Due to the presence of a pyridyl group, PAB-Si(111)-B
interactions should be stronger than TAB-Si(111)-B. A single PAB molecule has
indeed been observed on a Si(111)-B surface at room temperature. PAB molecules
appear as two paired lobes, one being longer than the other. In empty states STM
images, the interaction between the nitrogen atom lone pair and the silicon adatom is
highlighted by a bright protrusion (Fig. 12b, c) [53].

PAB manipulation at room temperature was successfully achieved by applying a
STM tip pulse bias voltage of 3 V during 300 ms after positioning the STM tip
above a PAB molecule (Fig. 13a).

In these conditions, PAB molecules switch reversibly from one state to the other,
which are mirror images of each other by a plane mirror; therefore, they are
enantiomers. No cis—trans PAB isomerization occurs on a Si(111)-B surface, and it
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Fig. 12 a Molecular structure of 4-pyridylazobenzene (PAB). b Room temperature STM image
(7 x 6 nm% Vs = 1.5 V, It = 76 pA) of a single PAB molecule deposited on Si(111)-B.
¢ Superimposed structural model of PAB/Si(111)-B. PAB-Si(111)-B interaction is highlighted by
a black arrow. Reprinted with permission from [53]

is a chiral switching between two enantiomers. PAB is not a chiral molecule but a
prochiral molecule. The presence of the surface induces the formation of chiral
adsorbates. From a mechanistic point of view, the PAB chiral switching is based on
the tunneling electron transfer to PAB LUMO, located around 3 V (Fig. 13b),
leading to a negatively charged transient state. Then, energy transfer to molecular
vibrations leads to chiral switching by molecular rotation of the azophenyl group
around the C-N bond (Fig. 13c) instead of cis—trans isomerization. This chiral
switching is of interest in order to store information at the molecular level on a
semiconductor surface because this switching occurs reversibly at room tempera-
ture and in a controlled manner.

In order to observe the cis—trans isomerization of azobenzene derivatives,
Crommie et al. [54] proposed to use GaAs(110) as semiconductor surface and
3,3',5,5'-tetra-tert-butylazobenzene (TTB-AB) as molecules at low temperature
(<20 K). The (110) surface of GaAs was chosen due to the absence of surface states
within its direct band gap (1.43 eV) [55], and TTB-AB was chosen because the
TTB-AB aromatic molecular plane is held away from the surface by fers-butyl
groups. Formation of TTB-AB large-scale monolayer islands on GaAs(110) was
achieved in (Fig. 14a). The supramolecular network is commensurable with the
surface, and TTB-AB shows the same shape (four-lobed structure) as the one
observed on noble metals, corresponding to the trans-isomer [47]. TTB-AB
photoswitching on GaAs(110) was investigated by STM with UV light illumination
(375 nm) during 18 h. UV light exposure leads to morphological modifications of
the TTB-AB monolayer islands. Several bright protrusions, forming some stripes,
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Fig. 13 a Sequence of PAB manipulation by STM tip bias voltage pulse on a Si(111)-B surface
with superimposed structural model on STM images. b Spectrum of the differential conductance,
dI/dV, recorded on a PAB molecule adsorbed on a Si(111)-B surface. ¢ Two PAB conformers
rotated by 180° of an azophenyl group around a C—N bond. Reprinted with permission from [53]

have appeared along preferential directions of the GaAs(110) surface (Fig. 14b).
Bright protrusions have been assigned to TTB-AB cis-isomers, as previously
observed on noble metal surface, due to the out-of-plane configuration of the cis-
isomer [46].

On Au(111) surface, TTB-AB photoswitching is a random process because the
bright protrusions are randomly distributed on the surface [46]. In the case of GaAs
(110), formation of cis-isomer stripes is in favor of a cascade-like process. This very
interesting process can be explained by the reduced steric hindrance after TTB-AB
photo-isomerization. When a first trans-TTB-AB molecule is photo-isomerized, the
cis-isomer occupies a smaller area than the trans-isomer because cis-TTB-AB is out
of plane. But, as molecule surface is stronger on GaAs(110) than on Au(111), TTB-
AB cannot diffuse on the surface and the network can no longer be re-organized to
become once again compact. Therefore, after a first TTB-AB photo-isomerization,
TTB-AB neighboring molecules can be more easily isomerized because local steric
hindrance has decreased.
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Fig. 14 TTB-AB photo-isomerization on GaAs(110) surface. The same TTB-AB molecular
island is shown a before and b after an 18 h exposure to UV irradiation at 375 nm and 92 mW/cm?
(Vs =—=2.0 V, It = 25 pA). Molecules in the cis configuration appear to have one brighter lobe and
occur in 1D stripes, as indicated by blue arrows. White scale bar, 10 nm. Reprinted with
permission from [54]

To conclude, azobenzene derivatives switching on semiconductors are strongly
dependent on the molecule—substrate interactions. The switching can be quenched,
like on Ag/Ge(111)-(¥3 x ¥3)-R30° or used to form stripes, like on GaAs(110) or to
form enantiomers, and like on Si(111)-B.

4.2 Molecular Bistability Induced by Adsorption
on Semiconductors

In the previous paragraph, we described changes in the photomechanical properties of
intrinsic bistable molecules after their adsorption on a semiconductor. Here, we propose
to discuss the design of molecular bistability induced by the presence of the surface.

Dujardin et al. [56, 57] have investigated the induced bistability of biphenyl
molecules on a Si(100) surface. Biphenyl is based on two phenyl groups linked by a
single C—C bond. This molecule has no intrinsic bistability in solution, in solid
state, or in gas phase. However, when biphenyl molecules are deposited at room
temperature on a Si(100)-(2 x 1) surface and observed by STM at 5 K, they can be
adsorbed with one of the two phenyl ring covalently linked with a silicon adatom of
the surface, the second phenyl ring being covalently linked with two silicon ada-
toms (i.e., a butterfly configuration, Fig. 15a, d for the corresponding structural
model). This strongly chemisorbed configuration is stable because no motion is
observed from 5 to 300 K.

In the case of p-type boron-doped silicon surface, biphenyl molecules can be
switched with tunneling electrons by applying a negative surface pulse voltage of
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Fig. 15 a STM image of biphenyl molecules on a Si(100)-(2 x 1) surface at 5 K (9 x 9 nm?,
Vs =—2.0 V, It = 200 pA). b Zoom (2.1 x 2.1 nm?) of STM image shown in a showing a single
biphenyl molecule in a stable configuration. The STM position for surface voltage pulse is indicated
by a dot. ¢ STM image of the same zone showing in b recorded after the surface voltage pulse. d and
e Superimposed structural model of, respectively, b and ¢. Reprinted with permission from [56]

—3 V on adsorbed molecules (Fig. 15b—e). The mechanism of this switching has
been deeply investigated [56]. For the first time, an electronic excitation process,
based on the resonant transfer of one electron from the biphenyl HOMO to the STM
tip, has been fully demonstrated [56]. As the process implies a charged transient
oxidative state of biphenyl molecule (i.e., due to the loss of one electron), the nature
of the doped, p or n, silicon substrate is relevant. The electronic excitation and
relaxation processes are not modified by changing p-doping to n-doping. Never-
theless, the dynamics of switching is strongly altered. Indeed, the transient state is
negatively charged (due to charge delocalization on molecule), leading to a strong
repulsive interaction with n-doped silicon surface instead of attractive interaction
with p-doped silicon surface [57]. This example proves the role of the molecule—
surface interaction for the development of nanomachines on semiconductor sur-
faces. Biphenyl molecules adsorption on Si(100)-(2 x 1) leads to other exotic
bistable configurations which can be thermally activated [58].

Adsorption of 1,5-cyclooctadiene (COD) on a Si(001)-(2 x 1) surface at 7 K was
investigated by STM experiments [59-61]. Free COD molecules are prochiral;
therefore, COD adsorption on a Si(001) surface leads prevalently to the formation
of two degenerate configurations, corresponding to a bridge structure, where the
two C=C bonds are involved in a [2 + 2] cycloaddition reaction with two silicon
dimers of the surface, as supported by DFT calculations [62] (Fig. 16a).

Time spectroscopy of the tunnel current under standard experimental setup
(feedback loop turned off and STM tip at a fixed distance over adsorbed COD
molecule) shows a random telegraph signal with an on—off ratio of 1.2:1 in (Fig. 17).
Additional experiments were performed to determine the switching process.
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Fig. 16 a STM image of a COD molecule on a Si(001) surface at 7 K (10 x 8 nm?% Vs=-2.0V,
It = 600 pA). The inset (3 x 2 nm?) shows the Si dimer buckling at the upper step edge serving as a
marker for the dimer position within a row. b COD molecule and structural model of the bridge
structure. Reprinted with permission from [58]
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On the basis of experimental results, Nacci et al. proposed that COD switching
between two degenerate configurations is triggered by an inelastic single electron
process. This process is fully reversible and is achieved without any bond breaking
or reforming, a case that remains rare in the literature.

4.3 Adatom Bistability Induced by Adsorption of a Molecule

Adsorption of a molecule on a semiconductor surface can induce the modification
of molecular properties leading to molecular bistability, as described in the previous
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Fig. 18 a STM image (room temperature, 23 x 10 nm? Vs = 2.0 V, Ir = 100 pA) of
chlorododecane molecules adsorbed on a Si(111)-(7 x 7) surface with two types of dimers
surrounding a corner hole (type I) or corner adatom (type II). Faulted (f) and unfaulted (u) half-cells
of Si(111)-(7 x 7) are marked. b High resolution STM image (3 x 3 nm?, Vs = 2.5V, It = 400 pA)
of type I corral with superimposed structural model. ¢ Tunneling current versus time measurements
over a faulted corralled adatom (shown in b) at Vs = +2.5 V. d The corresponding tunneling
current distribution with a pair of Gaussian functions fitted. High-current (on) and low-current (off)
states are labeled. e The autocorrelation of the tunneling current time trace of ¢. Reprinted with
permission from [64]

section. In this last part, we propose to describe the switching of an adatom (of the
surface) induced by molecular adsorption. Polanyi et al. [63, 64] have investigated
the adsorption of chlorododecane on the Si(111)-(7 % 7) surface. These molecules
are non-covalently adsorbed on the surface. Pairs of chlorododecane molecules are
self-assembled into two types of dimers, forming a corral surrounding a silicon
corner hole or a corner adatom (respectively, I and II in Fig. 18).
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When a pair of chlorododecane molecules surrounds a corner hole, a corner
adatom, located between jaws of the corral, remains uncovered (Fig. 18b). This
adatom exhibits a streaky appearance, corresponding to a switching between con-
ductance states. This can be demonstrated by recording the tunneling current versus
time (Fig. 18c—e). This switching has been interpreted as a single-atom electronic
switch due to molecularly induced field effect. Small changes in the configuration of
self-assembled pairs of chlorododecane molecules, which are dipoles, have a large
electronic effect leading to high and low conductance. This interpretation is sup-
ported by DFT calculations. This is a new route toward molecular nanoelectronics
induced by the adsorption of molecules on a silicon surface.

5 Conclusion and Perspectives

The development of single molecular machines on semiconductors is still a chal-
lenge. Some proofs of concepts have been successfully achieved. Molecule—surface
interactions play a key role in this field because molecular motion is strongly
conditioned by the molecule—surface interactions. In terms of perspective, semi-
conductors could be used as templates to guide molecular motions and to develop
devices operating at room temperature.
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Driving Molecular Machines Using the Tip
of a Scanning Tunneling Microscope

Francesca Moresco

Abstract Several methods were developed in the last decades to manipulate
molecules using the tip of a scanning tunneling microscope (STM). In this chapter,
experiments will be reviewed where the movement of model molecular machines is
driven by the tip of a STM. By varying one of three main parameters, the chemical
forces between tip and surface, the electric field, or the tunneling current, molecules
can be exactly positioned on a metal surface and conformational changes in single
molecules can be induced. For the development of larger and more complex
machines, it is, however, important to move not only adsorbates one by one, but
also structures composed by several molecules. Therefore, a purely electronic
excitation method was recently developed for the controlled movement of weakly
interacting assemblies of few molecules.

1 Introduction

Examples of molecular machines and molecular motors have been reported recently
[1-6]. Most of these experiments were performed in solution without the possibility
of controlling molecules one by one. However, the future of machines based on
single molecules relies in the possibility of controlling them with an atomic-scale
precision. To develop molecular machines based on single molecules, low-tem-
perature scanning tunneling microscopy (LT-STM), with its high resolution and
stability, is a very convenient technique. Prototypes of atomic-scale-controlled
molecular machines can be tested by adsorbing specially designed molecules on a
surface in ultra-clean conditions, imaging and manipulating them using the tip of an
STM [7-9].
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The first step toward the development of reliable atomic-scale-controlled
molecular machines is to understand the motion and the intramolecular mechanics
of a single molecule on a surface. In the last few years, mechanically driven
molecular machines have been demonstrated including molecular gears [10-12],
motors [13-16], wheels [17-19], and different kinds of nanovehicles [20-24].
Moreover, the manipulation of a molecule with the tip apex of a scanning tunneling
microscope (STM) has become a well-established technique to study the mechanics
of a single molecule on a surface [8, 9].

In Fig. 1, a molecular machine driven by the tip of a STM is schematically
represented. The controlled positioning of the tip allows to image and move a
nanoscale machine on a surface. Both the geometry of the system and the molecular
conformation are precisely controlled, while the tip is able to induce movements
and conformational changes in the molecule.

Low-temperature scanning tunneling microscopy (LT-STM) is at present the
only experimental method, which allows both precise sub-molecular imaging of a
single molecule and the possibility of manipulation and measurement of the elec-
tronic properties in clean and controlled conditions. Such properties can be usefully
applied to test molecular machines. In this case, the STM tip supplies the driving
forces necessary to power the nanomachine, which can be driven electrically, by
means of tunneling electrons or electric fields, or mechanically, by taking advantage
of chemical and van der Waals forces between tip and molecule.

In this chapter, some recent experiments are presented, where single molecules
and molecular nanostructures are moved on a metal surface by using the tip of a
STM at low temperature and in UHV conditions. The presented examples include
the rotation of a molecular rack along a pinion molecular structure, the trapping and
moving of metal atoms during the manipulation of a molecule, conformational
changes and rolling of complex molecules, as well as the electric field-induced
isomerization of azobenzene derivatives, and the pulse-induced manipulation of
hydrogen-bonded nanostructures.

Fig. 1 Schematic drawing of a molecular machine driven by the tip of a STM
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The experiments that are reported in this chapter have been performed at low
temperature (5 K) in ultra-high vacuum (UHV) conditions on copper and gold
substrates. Low Miller-index surfaces have been chosen because of their symmetry
properties. The relatively strong interaction of the copper surfaces with the adsor-
bed molecules can facilitate conformational changes in the adsorbed molecules. On
gold substrates, on the other hand, molecules weakly interact with the substrate,
facilitating the controlled movement of molecules and molecular structures.

2 Mechanisms of Manipulation

The controlled manipulation of single atoms and molecules on surfaces by scanning
tunneling microscopy is a well-established technique, which was developed during
the last two decades [25-27]. In particular, STM has proven to be a versatile tool for
the atomic-scale manipulation and the construction of nanostructures [8, 9, 25,
28-32]. Single atoms and molecules can be precisely positioned by lateral [30] or
vertical manipulation [33]. Different mechanisms of manipulation were developed
on metal [30], ultra-thin insulator [34, 35], or semiconductor [36] surfaces. Other
manipulation techniques employ electric fields [37], inelastic tunneling electrons
[38, 39], or, as was shown recently, induce conformational changes [40] in a
molecule such that it walks across the surface [41]. Voltage pulses were used to
desorb [42] or dissociate [43] molecules, to induce conformational changes [44] or
chemical reactions [43].

The three main manipulation mechanisms are schematically shown in Fig. 2.

After having precisely positioned the tip on the molecule, one of the following
parameters can be varied: the height of the tip on the surface, the tunneling current,
or the applied bias voltage. In this way, the driving mechanism of the manipulation
can be selected. By varying the height of the tip on the molecule [30], van der
Waals and chemical forces can be activated. This procedure allows the control
positioning of small molecules and single atoms, as well as repositioning and
conformational changes in complex molecules (lateral manipulation, Fig. 2a). By
selecting tip height and bias voltage in a combined way, the electric field applied on

(a) (b) (c)

P

Fig. 2 Schematic drawing of the different mechanisms of manipulation described in this chapter.
a Lateral manipulation induced by chemical and Van der Waals interaction. b Manipulation
induced by electric fields. ¢ Tunneling electron-induced manipulation
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a single molecule can be controlled, making possible manipulation and confor-
mational changes [37] (Fig. 2b). Due to the close distance between tip and surface,
electric fields in the range of 10’ V/cm are normally applied. Finally, as shown in
Fig. 2c, the tunneling current can be varied, determining in this way the number of
electrons tunneling through the molecule and inducing manipulation and confor-
mational changes [38, 39].

In the following sections, a few examples of these three manipulation mecha-
nisms will be described.

3 Lateral Manipulation

On metal surfaces, the standard method for lateral manipulation of single atoms
[30], single molecules [8], or small groups of molecules [45] is to bring the tip of
the STM close to the adsorbate, thereby increasing the tip adsorbate interaction, and
then move the tip to the desired final location on the surface [29, 30], as sche-
matically shown in Fig. 3.

In the first example of a single-atom STM lateral manipulation, Xe atoms were
moved one at a time on metal surfaces [46]. To perform a lateral manipulation, the
tip was first positioned above a Xe atom and its distance to the surface reduced,
thereby reducing the interaction between the tip apex end atom and the Xe. The
manipulation process was performed in constant-current mode and the Xe displaced
by the lateral movement of the tip to the chosen final position. By reducing the
tunneling current intensity, the tip finally retracts to a height characteristic for the
normal STM imaging mode. With lateral manipulation experiments on single atoms

s o, &
v f

—>

Fig. 3 Schematic representation of lateral manipulation. The STM tip is approached to the
molecule and then moved laterally to the final position
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or small molecules, different modes of manipulation such as pushing, pulling, and
sliding can be distinguished by measuring the feedback signal during manipulation
[30]. In particular, by manipulation in constant-current mode, detailed information
on the process is obtained from the tip height signal, which reflects the interaction
between the tip apex and the adsorbate [47].

A similar procedure can be used to manipulate complex molecules, inducing
conformational changes [8]. For such molecules, the manipulation signal recorded
through the STM feedback loop is normally more complex than for single atoms or
small molecules like CO, especially when the mechanical internal degrees of
freedom of the manipulated molecule play a role. For example, intramolecular
conformation changes can be induced during the manipulation [48]. This type of
movement is added to a rigid-like lateral-type motion on the surface, as one can
observe from the manipulation signal. Manipulation signals for complex molecules
therefore normally do not show the regular periodic modes over long periods
observed for single atoms and small molecules. Changes from one mode to another
during manipulation are often observed. In some cases, manipulation signals do not
present any periodicity and the peaks are irregular in intensity, length, and shape
[49]. Molecular flexure and reorientation of the internal conformations play a major
role, as well as the reorientation of the molecule relative to the surface [8].

3.1 Inducing Conformational Changes

To succeed in the controlled positioning of a complex molecule and make easier the
interpretation of a manipulation curve, it can be useful to manipulate it in constant
height mode [50]. In this way, detailed information can be extracted concerning the
role of the different degrees of freedom of the molecule during its movement on the
surface.

In the constant height mode of manipulation, the tip is kept at a fixed distance
from the surface when it is moved laterally across it. Such a technique makes the
interaction between tip and molecule stronger and provides the molecule enough
energy to overcome the diffusion barrier. To keep the tip height constant, the
feedback loop is switched off. The current signal can then be recorded and contains
the information about the mechanism of the manipulation process.

The technique of lateral manipulation at constant height was applied to inves-
tigate the internal mechanics of a TBPP molecule on Cu(100), with the aim of
inducing motion and deformation of a part of the molecule, monitoring it in real
time [48]. TBPP was specially designed to study the effects of LT-STM manipu-
lation on the internal conformation of the molecule.

TBPP (Cu-tetra-3,5 di-ter-butyl-phenyl porphyrin) is a porphyrin-based mole-
cule [8] with four phenyl-based lateral groups. The four lateral groups form legs,
which electronically decouple the porphyrin central ring from the metallic surface.
In the gas phase, the legs are oriented perpendicular to the central ring, but are able
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Fig. 4 Manipulation in constant height mode. Typical current signal for a TBPP molecule on Cu
(100). The inset shows the details over four periods

to rotate around the c-bond connecting each of them to the porphyrin, adapting
themselves to the substrate corrugation.

Single TBPP molecules were pushed by the tip on a single leg, as shown in
Fig. 4. The current curve recorded during the manipulation reflects first of all the Cu
(100) lattice periodicity. However, details in each period do not resemble the
regular sawtooth signals recorded during STM manipulations of atoms and dia-
tomic molecules and show a specific intraperiod signature, peculiar of this specific
type of manipulation. The contribution of each leg to the manipulation curve could
be extracted by theoretical calculations.

3.2 Rolling of Single Molecules

Further studies on the manipulation of complex molecules have been devoted in the
last years to the controlled rolling of molecules on a surface [17-19]. The rolling of
a wheel at the nanoscale was demonstrated recently for a few systems. However, a
reliable rotation of wheels was not observed so far. In the few cases where rotation
of wheel was observed, this is limited to very small paths of sub-nanometer length,
corresponding to a rotation over few single adsorption positions. A reliable rolling
of a molecule on a metal surface is difficult to achieve for several reasons. On the
one hand, a relatively strong interaction between molecule and surface is necessary
to allow the rotation, avoiding the molecule to simply slide on the surface. On the
other hand, the strong interaction with the surface makes difficult to observe at least
the complete rotation of a wheel on his axis.
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In the first example of controlled rotation [17], wheel-dimer molecules (C44H,4),
composed by two triptycene wheels connected by a C axle, were manipulated on
the slightly corrugated Cu(110) surface. By applying lateral manipulation in con-
stant height mode, it was possible to precisely tune the tip height, finding the
conditions for rolling. The rotation of a single wheel by 120° was observed. Such
result was confirmed by the unambiguous signatures in the manipulation curves
recorded during the rolling motion.

However, the interpretation of the manipulation curves during the rolling
remains very challenging and only few information can be extracted by manipu-
lation curves in the case of rolling. Therefore, double-wheel molecules were
designed, where the rolling could be detected directly from STM images or spec-
troscopy [18, 19].

The double-wheel molecule consists of two subphthalocyanine wheels con-
nected by a central rotation carbon axis [18]. Each of the subphthalocyanine wheels
has a nitrogen tag to monitor its intramolecular rolling during an STM manipulation
sequence. The position of the tag can be followed by STM, allowing following the
orientation of the wheels on the surface during manipulation. This new class of
double-wheel molecules was investigated on the Au(111) surface. The idea of the
experiment is schematically shown in Fig. 5.

Each wheel integrates an electronic tag (a nitrogen atom) which was designed to
monitor the intramolecular rolling of the molecule. In the topographic STM images,
the position of the tag can be determined by measuring the apparent height of the
corresponding wheel. By lateral manipulations, the double-wheel molecule can be
moved along the surface, mostly showing manipulation curves, which are similar to
the curves, observed for rigid molecules and single atoms. In a few cases, however
[19], a different STM feedback loop manipulation signature is observed and the
rolling of a wheel confirmed by a change in the position of the tag.

Fig. 5 Scheme of the rolling
of a molecular wheel _—
equipped with tag
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Fig. 6 Rolling of a double-wheel molecule on Au(111). The change in the apparent height of the
wheels can be observed by STM topography

An example of rolling is shown in Fig. 6. The successful rolling was proven by
measuring the apparent height of the corresponding wheel in the STM images.

Rolling experiments on more corrugated surfaces are presently performed to
make intramolecular rotation easier, without, however, preventing the movement of
the molecule on the surface. Moreover, new nanovehicles are designed, equipped
with this new generation of subphthalocyanine molecular wheels.

3.3 Molecular Hoover

The possibility of using a molecule to collect and move single atoms and small
clusters can open new possibilities of restructuring surfaces with atomic control
[51]. Atomic structures were fabricated atom by atom in a controlled way com-
bining lateral manipulation with the ability of a molecule to assemble atomic
nanostructures.

The hexa-z-butyl-hexaphenylbenzene (HB—HPB) molecule was designed as a
six-leg molecule [52]. Its structure is shown in the inset of Fig. 7. Such molecule
was used to collect and carry up to six copper adatoms on a Cu(111) surface when
manipulated with a STM tip.

The molecule consists of a central benzene ring connected to six phenyl groups
by o-bonds, and of six 7-butyl lateral groups, each attached to a phenyl ring. The
lateral phenyls can rotate, whereas steric hindrance between the phenyl groups
forbids a full planar conformation of the molecule. The #-butyl end groups have the
function of elevating the central HPB, avoiding the chemiadsorption of the mole-
cule on a metal surface and facilitating its manipulation.

Because of their weak interaction with a metal surface, the molecules form on
the Au(111) terraces ordered islands. No single molecules were observed by STM
on the copper terraces.
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Fig. 7 Lateral manipulation of a HB-HPB molecule on a Cu(111) surface. The molecule can be
moved from a molecular island edge to a Cu adatom. A single molecule can trap and move up to
five copper adatoms. In the inset, the structural model of HB-HPB is shown

By means of lateral manipulation in constant-current mode, a molecule can be
brought from the edge of a molecular island to the position of a copper adatom, as
shown in Fig. 7. Analyzing the STM images recorded before and after the
manipulation, it is clear that the molecule collects the atom and, when further
manipulated, the whole complex of the molecule and atom moves simultaneously.
This whole process of trapping and moving can be repeated until the molecule has
collected six atoms.

However, the distance between tip and molecule during manipulation has to be
decreased with increasing number n of captured atoms. This means that an
increasing force should be applied by the tip by increasing the number of captured
atoms. A molecule with six collected atoms cannot be moved at all.

The Cu atoms can be finally released by removing the molecule by vertical
manipulation. By picking up the molecule with the STM tip after a collecting
operation, it is possible to find all the previously accumulated Cu adatoms in the
state of a coplanar packed cluster.

The number of Cu atoms remaining on the surface after the picking up of the
molecule could be determined by comparison with Cu clusters that have been
assembled by atom-by-atom manipulation without the use of an HB-HPB
molecule.

The described experiment demonstrates that a specifically designed molecule is
able to collect and carry a few metal atoms on a metal surface. This is possible
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because adatoms are attracted by the phenyl groups of the front legs of the mole-
cule. Moreover, the six legs create a propter cage for the collected atoms. The
design of the central aromatic molecular group therefore influences the shape of
the assembled cluster, whereas the molecular surface diffusion is governed by the
chemical composition of the legs.

It would be extremely interesting to apply the described method to insulating or
semiconducting surfaces, where the lateral manipulation of metal atoms was not
successful so far. In this case, the molecular design has to be modified. This would
make possible, for example, the interconnection of a molecular device to atomic-
scale metallic electrodes on the surface of an insulator.

3.4 Molecular Rack and Pinion

Gears, wheels, and mechanically rotating systems are intensively studied by STM at
the molecular scale. Lateral manipulation with the STM tip is a convenient tech-
nique to drive this kind of movements with atomic precision.

A self-assembled rack and pinion, where the STM tip apex is the rotation axis of
the pinion, was recently demonstrated [10]. In this case, self-assembled molecular
islands play the role of the rack, while a single molecule, driven by the STM tip,
works as a pinion.

To assemble this kind of molecular rack-and-pinion device, a specific molecule
comprising five phenyl groups and a pyrimidine group was designed. The molecule
is called hexa-t-butyl-pyrimidopentaphenylbenzene (HB-NPB, Cg4N,H7¢) and,
like the HB—-HPB molecule [52] described in the previous section, has the shape of
a toothed gear with a cavity in its center. As for HB—HPB, the lateral rings of HB—
NPB are tilted along the c-bond axes because of the steric hindrance, giving the
molecule a propeller shape. The #-butyl groups have the function of lifting the
molecule to reduce the interaction of the aromatic parts with the substrate. How-
ever, in the case of HB-NPB, one of the six phenyl substituents is replaced by a
pyrimidine group [53]. The aim of such substitution is to mark one of the lateral
groups of the molecule, providing an orientation axis to the molecule. The
pyrimidine ring acts therefore as a chemical tag that can be detected by STM,
proving the rotation of the pinion molecule on the molecular rack. The idea of the
experiment is shown in Fig. 8a.

As one can see in Fig. 8b, the substituted pyrimidine ring can be observed in
STM images as a bright spot at particular bias voltages. It corresponds to a reso-
nant-tunneling state localized on the pyrimidine ring, as observed by tunneling
spectroscopy and confirmed by model calculations.

Similarly to the non-marked HB—HPB, the marked HB-NPB molecules physi-
sorb on Cu(111), forming large ordered islands, and no single molecules are found
on the free terraces. The same molecule was later used as molecular gear pinned on
a defect of the Au(111) surface, demonstrating a controlled step by step rotation of
the gear [12].
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Fig. 8 a Model of a HB-
NPB molecule adsorbed on a
molecular island edge. b STM
image of the border of an
HB-NPB island (rack) with a
single molecule (pinion)
adsorbed on the island edge.
The substituted pyrimidine
group is visible as a bright
spot on each molecule

To perform the rotation experiment, a single HB—NPB molecule was positioned
along the rack by lateral manipulation in constant-current mode. Because of the
intermolecular interaction, the pinion molecule adjusts spontaneously in one of the
adsorption sites along the molecular island border, following its lattice structure.
Then, the tip is moved at constant current parallel to the island edge, from the center
of an adsorption site to the neighboring one. The tip is finally retracted back to the
imaging conditions.

As a result, the pinion molecule has moved from one adsorption site to its
neighbor, rotating. By performing series of manipulations, it is possible to prove
that at each step of the manipulation, the orientation of the molecule in the surface
plane changes by 60° clockwise. Because the STM tip approaches the molecule on
its center, the rotational movement is uniquely determined by the shape of the
molecular island border. The teeth of the pinion and of the rack are the z-butyl
groups of the molecules. The rolling motion is made possible by the interlocking of
the rack and of the pinion #-butyl groups, which prevents a sliding motion of the
molecule and forces it to roll.
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The described experiment is an interesting example of molecular machine, where
a molecular rack-and-pinion device works with atomic-scale precision. It is
important to note that such result was obtained after a long sequence of steps,
comprising design and synthesis of the molecule, surface preparation, assembly of
the molecular pinion on its molecular rack, and lateral manipulation experiments.
The assembly of such a device opened a new way of exploring the functioning of a
molecular machine.

4 Electric Field-Induced Manipulation

If a bias voltage is applied between the STM tip and the surface, a static electric
field is created, which can be used to manipulate atoms or molecules [54-56]. The
strength of such an electric field is very large, due to the close proximity of the tip to
the surface, as schematically shown in Fig. 9.

The electric field between tip and surface in a common STM experiment has a
typical value of 10® V/cm and is therefore comparable with the fields experienced
by electrons in atoms or molecules. Depending on the tip shape, the electric field is
concentrated in an inhomogeneous way near the tip apex, but its extension can
reach hundred nanometers [28].

The interaction of an adsorbate with such a strong electric field in the STM
junction has been first used to position Cs atoms on a semiconductor surface [57].
In this case, the interaction between the dipole moment of a Cs atom and the electric
field induces a potential energy gradient along the surface, which allows the lateral
positioning of single atoms.

Atoms and molecules can be manipulated by electric field even in the limit of
zero tunneling current, as schematically shown in Fig. 10. In such a case, no
tunneling current can be measured between tip and sample, but an electric field is
present, able to manipulate molecules showing a dipole moment.

Fig. 9 Schematic representation of the electric field applied under the tip of an STM. Due to the
vicinity of tip and surface, a relatively strong electric field is applied to an adsorbate, inducing its
manipulation if a dipole moment is present
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Fig. 10 Schematic representation of electric field applied in tunneling (leff) zero current (right)
conditions

Another kind of electric field-induced manipulation is possible when the applied
voltage overcomes the value of the work function of the tip or the surface and
electrons are therefore field-emitted [58].

4.1 Electric Field-Induced Isomerization of Azobenzene

Molecular switches are important building block for applications in molecular
electronics and are since several years in the focus of research interest. In particular,
azobenzene represents a very interesting example of molecular switch, being its
operating mechanism based on the trans-cis isomerization of a double bond [59]. In
the electronic ground state, azobenzene adopts two configurations: a nearly planar
trans and a non-planar, three-dimensional cis form. The reversible switching of
azobenzene is well studied in solution and in the gas phase, where the ground-state
barrier for isomerization is typically overcome by photo-excitation.

The reversible isomerization of specifically designed azobenzene molecules was
recently induced on Au(111) by the electric field in the STM junction, without
tunneling of electrons [27, 59].

The 3,3',5,5'-tetra-tert-butyl-azobenzene (TBA) is an azobenzene molecule
carrying four lateral tert-butyl groups (Fig. 11la). The molecule was specially
designed to increase the separation between surface and the azobenzene c-system,
leading to increased surface mobility and potentially lower electronic coupling. Its
structure does not significantly alter the electronics of the azobenzene chromophore
and does not impart steric hindrance upon the isomerization process.

Upon adsorption onto a clean Au(111) surface at room temperature, the mole-
cules are mobile and form ordered islands consisting of parallel rows. Each mol-
ecule appears as four lobes with a rhombic shape where the lobes correspond to the
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Fig. 11 a Structural model of (a)
the TBA molecule used in the

electric field-induced i > " ‘1\' - L
isomerization experiment. "\ -4 \ P e
b STM image recorded on a & | :}x ;}" ’\}
TBA island on Au(111) after - x
the application of a voltage v 3 “! > » "’ ~
. Ny 1

pulse. The bright spots
indicate the switched trans
molecules

tert-butyl groups, while the central azobenzene part is not visible. All observed
molecules show the same planar configuration and were assigned to the thermo-
dynamically favored trans-isomer.

The isomerization experiments were performed by positioning the STM tip at a
fixed height above a molecular island with the feedback loop switched off. After
applying voltage pulses, with the STM tip always at the same position above the
island, STM images was recorded. As one can see in the example of Fig. 11b, after
the pulses many molecules have changed their appearance, showing a brighter spot
with a larger apparent height. Typically, the application of a single voltage pulse
causes the switching of several molecules in a radius up to 50 nm around the
position of the tip. The bright molecules are stable, and their initial appearance can
be precisely restored by applying another pulse. Such switching experiments can be
reproduced several hundred times and show the isomerization of single molecules
from the trans to the cis form, and back to the trans form.

The isomerization process occurs also at very large tip distances where no
tunneling current is flowing. Moreover, it is also possible to isomerize molecules
when the tip is positioned above the bare surface nearby the island. All these
observations, together with the large lateral extension over which switched mole-
cules are observed, let to the conclusion that the isomerization of TBA molecules
on Au(111) is driven by the electric field in the STM junction and does not involve
tunneling of electrons.
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5 Electron Tunneling-Induced Manipulation

Inelastic electron tunneling-induced manipulation is a process where tunneling
electrons are injected from the tip positioned above the adsorbed molecule, thus
moving it. The electron energy is normally transferred through an excited state,
leading to excitation (rotational, vibrational, or electronic), the rate of which is
controlled by the applied bias and the tunneling current [27]. A schematic repre-
sentation of the process is shown in Fig. 12.

In an STM experiment, when an electron tunnels through an adsorbate, inelastic
electron scattering may induce elementary electronic or vibrational excitations of
the adsorbate [9]. The inelastic electrons, which represent a small fraction of the
tunneling current, transfer energy from the electrons to the adsorbate. Such energy,
stored in the electronic or vibrational excitation of the molecule, can trigger
movement or chemical transformation at the atomic scale [9]. Electron tunneling-
induced manipulation might be based on two different excitations depending on the
applied bias voltage. At high voltages, an electron may transiently occupy an
electronic excited level of the adsorbate; at low voltages, vibrational modes may be
excited.

Experimentally, electron tunneling-induced manipulation is realized by posi-
tioning the STM tip above the location of the molecule at a fixed height. There the
feedback loop is switched off, and tunneling current and/or voltage is increased
from imaging to manipulation parameters. The electrons can be injected either from
the tip or from the substrate depending on bias polarity. The moment of reaction is
determined by monitoring the tunneling current in time. A sudden change in current
is indicative of the success of the manipulation. These sudden changes are caused
by changes in the apparent height of the molecule either through a motion of the
molecule or through modification of the electronic structure [6].

Fig. 12 Schematic
representation of electron
tunneling-induced
manipulation. Tunneling
electrons injected from the tip
can induce movement or
conformational changes in
molecular adsorbates
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Recently [60], electron tunneling was used to induce the controlled rotational
switching of a molecular motor. A molecular motor adsorbed on a gold surface
could be rotated in a clockwise or anticlockwise direction by selective inelastic
electron tunneling through different sub-units of the motor.

5.1 Pulse-Induced Positioning of Supramolecular Structures

Electron tunneling-induced manipulation has the advantage to be triggered just by
electronic excitations and to avoid any direct mechanical interactions of the STM
tip apex with the adsorbate. Moreover, being mechanically less destructive than
common lateral manipulation can be successfully applied to the controlled
manipulation of weakly bonded supramolecular assemblies [61].

Recently, it was demonstrated that it is possible to manipulate in a controlled
way supramolecular structure by electron tunneling-induced manipulation [61]. By
applying voltage pulses just on one selected molecule of the structure, it is possible
to move the complete supramolecular assembly to a chosen position on the surface
without destroying it.

A small molecule, 4-acetylbiphenyl (ABP) molecule was used in the reported
study. It is composed of two phenyl rings and an acetyl group. On Au(111), the
ABP molecules self-assemble into small weakly bonded supramolecular structures.
In most cases, the ABP molecules are organized in a windmill nanostructure.
A STM image of a windmill is shown in Fig. 13, superposed to its chemical

Fig. 13 STM topography
image of a self-assembled
tetramer (windmill) of ABP
on Au(111) with
superimposed molecular
structure
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structure. The structure is stabilized by hydrogen bond, as confirmed by calcula-
tions, and shows a bond length of 3.1 A. These windmills are present on the surface
in two mirror symmetric forms as a consequence of the prochiral nature of the
single molecules.

Attempts to move the windmills using the conventional lateral manipulation
technique described in Sect. 3 resulted in a destruction of the supramolecular
nanostructure and the separation of its ABP components. In order to move the
individual windmills, voltage pulses on top of or close to one of the ABP molecules
of the nanostructure were applied. These resulted in a controlled collective move-
ment of all ABP molecules of the chosen windmill at the same time. In Fig. 13,
topography images taken before (left) and after (right) the voltage pulse are shown.

By changing the applied voltage, different types of motions can be selected. For
negative voltages, the windmill moves in the direction away from the position of
the tip. For positive voltages, two possible movement types could be observed.
Most frequently, translational movements are induced. In this case, the direction of
the translation is opposite to that for negative voltages; that is, the center of the
supramolecular structure moves toward the position of the tip. In a few cases,
however, the windmill rotates when positive voltages are applied. For translational
movements, typical lateral jumps of 3 A, corresponding to the surface lattice
constant of Au(111), are observed. To move the windmill over larger paths, series
of voltage pulses are applied (Fig. 14).

In order to understand the described manipulation events, the tip height traces
taken during the time interval of the voltage pulses were systematically analyzed
and the results compared with the STM tunnel junction dI/dV spectrum recorded
over a windmill at the same position where the voltage pulse has been applied for
manipulation. The energy onset position of the observed resonances corresponds to

Fig. 14 STM topography images of self-assembled ABP on Au(111) taken before (left panel) and
after (right panel) applying a series of voltage pulses
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the measured quantum yield, indicating the presence of an inelastic input channel
on the windmill. Such localized inelastic excitations on just one ABP molecule of
the windmill are enough for the complete supramolecular windmill nanostructure to
translate or to rotate without any internal apparent structural change. Once a
threshold voltage has been reached, where tunneling in molecular resonances is
possible, the supramolecular structure can be moved.

This experiment demonstrates a method to controllably move supramolecular
structures on a metal surface by STM and can help in understanding the movements
of weakly bound molecules on metal surfaces. It provides a novel procedure to
manipulate individual nanostructures gently and purely electronically. The struc-
tures can be moved to the chosen positions on the surface without the need for
complex intramolecular mechanical mechanisms, opening a new route for the
construction of artificial molecular devices.

6 Conclusions and Outlook

In this chapter, some recent experiments were presented, where single molecules
and molecular nanostructures are moved on a metal surface by using the STM
tip. The possible manipulation modes were described in terms of the parameters that
can be varied during a manipulation experiment and therefore considering the
driving mechanism of the manipulation. The three fundamental parameters are in
this respect the height of the tip on the surface, the tunneling current, and the
applied bias voltage. A few recent examples of these three manipulation mecha-
nisms were described in detail.

STM was developed in the last years from an analytical technique capable of
imaging topography and electronic properties of structures at surfaces, into a tool,
which can be used to drive nanomachines with atomic precision, restructuring
metallic and non-metallic surfaces. Moreover, manipulation is useful to investigate
basic physics and chemistry on the single atom or molecular scale, including
quantum phenomena or magnetic properties.

Manipulation with the STM tip has reached a mature stage and can be used now
in a reliable way to drive molecular machines with atomic control. Several different
manipulation methods were developed for different applications. The understanding
of mechanics at the atomic scale and the transport of movement and information
from the atomic to the macroscale and back are new challenges, where STM
manipulation will play a major role.
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Nanogears Mechanics: From a Single
Molecule to Solid-State Nanogears
on a Surface

We-Hyo Soe, Cedric Troadec, Carlos Manzano, Jie Deng,
Francisco Ample, Yang Jianshu and Christian Joachim

Abstract The first experimental demonstration of a controllable rotating molecule
gear is presented. A scanning tunneling microscope (STM) is used to construct,
manipulate, and observe the rotation of the molecule gear. The appropriate com-
bination of molecule design, molecule manipulation protocol, and surface atomic
structure selection leads to the functioning of the molecule gear. Rotation of the
molecule gear is done step-by-step and totally under control. The fabrication of
solid-state SiO, nanogears with diameters ranging from 30 nm up to 1 um and their
manipulation using an atomic force microscope tip on a graphite surface is also
presented. Ranging in sizes from few tens of nanometers up to submicron diame-
ters, they are going to enable the transmission of mechanical motion from func-
tional mechanical molecule machineries to larger submicron or micron-sized
devices through series of solid-state gears and mechanical components compatible
with the semiconductor and electronics industry technology.

Keywords Molecule gears - STM manipulation - Nanolithography - Solid-state
nanogears - AFM manipulation

1 Introduction

Miniaturizing mechanical components is important not only to enable the creation
of mechanical nanomachines, but also for data input on an atomic-scale circuit,
information encoding, energy harvesting, and also possibly production of energy
from the background. In this regard, as of 2007, solid-state gears (one of the basic
components of any mechanical machinery) have been downsized to diameters of
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about 500 nm making use of a top-down approach [1]. In 2009, a gear-shaped
molecule, hexa-t-butyl-pyrimidopentaphenylbenzene (HB-NBP), i.e., Cg4N>Hy,
was used to construct a molecule gear by pinning it on an atom size axle and rotated
successfully using a scanning tunneling microscope (STM) [2].

This molecule gear having 1.2 nm diameter equipped with six teeth is the
smallest known working gear.

The construction of a rotating molecule gear device evidenced that gears with
intermediate sizes in between 500 and 1 nm in diameter are lacking. Then, we
engaged the exploration of fabricating intermediate nanogear size between a mol-
ecule gear and the 500 nm solid-state nanogear limit set in 2007. In this chapter, we
develop this story into two parts. First, we present the intentionally constructed
molecule gear where an HB-NBP molecule is mounted and centered on an atom
axis uprising at a herringbone elbow on an Au(111) reconstructed surface. There-
after, we describe the nanofabrication process of solid-state nanogears down to
40 nm in outer diameter using electron beam nanolithography techniques, where a
hydrogen silsesquioxane (HSQ) layer was selected as an ultrathin starting material
for this nanolithography, leading to the fabrication of SiO, solid-state gears with a
minimum thickness of 15 nm.

2 A Single Molecule Gear

The HB-NBP molecule reported here has a gear-like structure and is chemically
structured with six t-butyl outer legs uplifting a central aromatic core which is
composed of five phenyl rings and one pyrimidine ring, all connected to a central
planar phenyl. The pyrimidine group works as an electronic tag for STM imaging
facilitating its identification and enabling to discriminate this gear tooth from the
other ones, since it appears as a bright protrusion during STM imaging (see Fig. 1)
[3]. Sub-monolayer amounts of this molecule were thermally sublimed on a cleaned
Au(111) single crystal substrate kept at room temperature. After this molecular
sublimation, the sample was cooled down to cryogenic temperatures before trans-
ferring it to the LT-UHV-STM chamber.

In general, the lateral manipulation of single atom and molecule using the STM
tip can be carried out in both constant-current and constant-height modes. In the
constant-current manipulation mode, the feedback loop enabling to keep the tun-
neling current constant is switched on during the whole manipulation process. Once
a manipulation path is defined, the tip is moved horizontally along the input
pathway set while concurrently adjusting vertically the tip-substrate height to keep
the tunneling current constant. In a successful STM atom/molecule manipulation,
the most important parameter is the tunneling resistance, which can be adjusted by
changing the tip-molecule distance or by directly increasing or decreasing the
tunneling current or the bias voltage [4]. The tunneling resistance is reduced to
bring the tip very close to the atom or molecule to be manipulated, so close that the
tunneling junction is forming a potential energy trap strong enough for an atom or
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Fig. 1 Orientation and position changes of a HB-NBP molecule manipulated by the shortest
possible distance between two surface ridges. Leftmost STM image shows the initial conformation
of the molecule before manipulation, i.e., angle and displacement are equal to zero, the following
images in order from left to right were taken after each manipulation step; I = 5 pA, V=100 mV.
After each manipulation, the molecule was displaced around 0.3 nm and turned in multiples of 30°

molecule to stay moving along the tip tracking its lateral displacement. Therefore,
this mode is ideal for manipulating over a long distance. On the other hand, with the
feedback turned off, during the manipulation process, the tip is moved parallel to
the substrate surface keeping the tip height constant. Initial experiments show that
when the gear molecule is manipulated, its movement involves translation and
random rotation because it moves from adsorption site to adsorption site on Au
(111) looking for stable positions for its six tertbutyl legs at the same time in
registry with the underlying Au surface atoms and adapting its conformation
accordingly on the surface at every step through its travel along the manipulation
path. Because of the molecule conformation changes resulting in its rotation, during
manipulation using the constant-height mode, the molecule might move off the
given tip trajectory, then it would stop moving and follow the tip during manipu-
lation. Therefore, this mode is suitable for a short-range manipulation; accordingly,
it was used in the gear experiments described here since our purpose is solely to
rotate the gear molecule through very short manipulation steps.

Before constructing the molecule gear, it was investigated how a freestanding
HB-NBP molecule behaves during STM manipulations. When the molecule was
manipulated to move the shortest distance possible which is equal to the distance
between nearest neighboring surface atoms in an Au(111) plane, i.e., 0.288 nm, the
molecule rotates randomly by approximately 30°, as presented in Fig. 1. Here, a
series of STM images show the orientation and position changes of a gear molecule
after each manipulation in between two herringbone ridges which is clearly seen in
the STM image background. While moving along that path, the molecule turns
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randomly in clockwise and anticlockwise directions while simultaneously being
displaced by about 0.3 nm, intuitively indicating that the molecule needs a gear axis
to be able to rotate without lateral displacement.

To explore whether it is possible to control the rotation of a HB-NBP molecule,
three types of atomic-scale pinning centers have been tested as well as an atom
quantum corral as presented in Fig. 2. The explored pinning centers are: one gold
ad-atom, a pure herringbone elbow, an impurity natively bound to a herringbone
elbow, and a circular potential moat created by superimposed surface states
standing waves scattering at surrounding gold atoms.

Neither the bare elbow nor the Au ad-atom is suitable for a centered rotation.
Because the interaction between the aromatic core of HB-NBP molecule and the
herringbone elbow is not strong enough, small lateral displacements of the molecule
during its rotation happen easily. When the molecule is moved on the Au ad-atom, it
is never able to be concentric to the atom, and it always stabilizes with the atom in the
middle of two tertbutyl legs [5]. As an inevitable consequence, the molecules are
rotated pinned on an off-centered axis. The potential corral is not able to confine the
molecule but because it does not have a solid pinning center like an ad-atom the
molecule rotates while swaying inside the corral. Besides, this confining structure is
unsuitable for the construction of a gear train, even if it is made by just two gears,
because the surrounding ad-atoms will perturb the interactions between the mole-
cules. Finally, the HB-NBP molecule gear was constructed on an atomic-scale
impurity bound to one herringbone elbow as shown in Fig. 3. Here, the constant-
current manipulation mode was used to mount the molecule on top of the impurity.

The concentrically mounted molecule gear on its atomic pinning center as
presented in Fig. 3b is able to rotate by pushing one of the molecule legs with the

corral ®

HErfingPone
100w

pors ‘ adatom

Smpurity . .‘

Fig. 2 Three candidates of atomic-scale pinning center used to mount the molecule gear: gold
ad-atom (indicated by yellow colored arrows), clean herringbone elbow (green arrows), and
atomic sized impurity natively bound to the elbow (orange arrows). Gold ad-atoms were created
by gently crashing the STM tip into the gold surface outside the fop left corner of the scanning
area. Inset shows a corral structure built with gold ad-atoms using the STM atom manipulation
technique
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%
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Fig. 3 STM images showing a single HB-NBP molecule a before and b after manipulation. a An
atomic sized impurity bound to an elbow appears as a small protrusion. b The molecule and the
impurity are concentric after the molecule is mounted on the impurity. / = 10 pA, V = 100 mV

STM tip, generally the one with the pyrimidine group. The reproducible step-by-
step rotations of the molecule gear were carried out in both clockwise and anti-
clockwise directions by gently pushing the molecule’s leg using the constant-height
manipulation mode. In Fig. 4, a sequence of STM images showing a full rotation of
the molecule gear is presented. These images were taken after each manipulation

Fig. 4 Full step-by-step molecule gear rotation. The image at 0° shows the initial configuration
imaged before starting the manipulations sequence. The following images taken after each
manipulation in clockwise direction show the molecule gear rotated and stabilized at different
molecule angles. Repulsive barriers between the gear legs and the ridges forming the herringbone
elbow are located between 0°—63° and 256°-318°, respectively. There is also a rotation barrier
between 123° and 166°
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step to capture the new in-plane configuration of the molecule with respect to the
surface substrate, and the pyrimidine tag was used as a reference to follow the
molecule step-by-step rotation and to calculate the molecule’s rotation angle. The
rotation angle between each neighboring stable conformation is in average 30°—40°,
except for two 63° jumps (0°-63° and 256°-318°). These two larger angular sep-
arations in between stable rotational positions are due to the influence of the two
ridges forming the underlying herringbone extending from the elbow. The ridge’s
potential energy barrier bounces back the HB-NBP molecule by interacting with its
t-butyl-end groups.

An analysis of the rotation sequence shows that there are nine stable positions for
the molecule gear pinned on that herringbone elbow. These stable conformations
were identified using ASED+ molecular mechanics calculations performed by taking
into account the atomic-scale surface structure under and around the molecule gear
and by calculating the STM image using the ESQC technique. The detailed atomic-
scale model of the surface including the elbow defined an effective Au(111) surface
where the molecule gear conformation was optimized, the constant-current STM
image was calculated and compared to the experimental one [2].

3 Solid-State Gears Nanofabrication and Manipulation

Although the diameter of a molecule gear can be increased by synthesizing a mol-
ecule with a larger diameter and by adding more tertbutyl legs at the periphery,
ultimately, there is a need for a nanosize scale solid-state gear to mechanically link a
molecule gear to the existing micron size gears [6]. Furthermore, larger in diameter
molecule gears will be too flexible to ensure a good transmission of motion. Part of
the energy required for rotating a larger molecule would be distributed among the
multiple degrees of freedom of such large molecule and just a little portion of it would
reach the collective rotation degrees of freedom. An alternative to the synthesis of
large molecule gears is the fabrication of solid-state gears robust and small enough,
with diameters in the range of nanometers, to be able to rotate all the atoms in a
cohesive manner through the transmission of rotational motion started from a mac-
roscopic gear all the way down to the molecule gear.

In our previous work, six teeth solid-state nanogears made of HSQ were fab-
ricated down to sizes of about 60 nm outer diameter and 30 nm in thickness. A
sacrificial layer of gold deposited on top of the native oxide of the silicon substrate
was used to release the gears. This process works fine, but for molecule gears to be
added on the same substrate, an inexpensive, abundant, atomically smooth, and
easily processed substrate has to be used. Highly oriented pyrolytic graphite
(HOPG) fulfills all these requirements, and the following results will be based
solely on this substrate. Furthermore, a 30 nm thickness is not very compatible with
the 1 nm van der Waals height of a molecule gear as presented above together with
the fact that 60 nm is still a gigantic diameter as compared to the 1.2 nm of the
molecule gear Fig. 4.
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Fig.5 The SEM image of the
smallest solid-state gear ever
nanofabricated on a graphite
surface with a diameter below
30 nm in diameter for a
thickness of 15 nm

Using an HOPG substrate, the fabrication process is greatly simplified: a min-
imum 15 nm HSQ layer (XR1541 from Dow Corning) was spun on a freshly
cleaved HOPG substrate and then baked at 90 °C for 5 mn. E-beam lithography
defines the nanogears, which are revealed after removing the surplus HSQ (the
detailed process will be reported elsewhere). The resulting sample can be directly
used for scanning electron microscopy (SEM) and atomic force microscopy (AFM)
characterization and manipulations. Figure 5 shows the smallest solid-state gear
fabricated to date, about 30 nm in diameter. The teeth are clearly defined, but are at
the limit of the fabrication process.

Figure 6 shows an example of manipulation of such nanogear on the graphite
substrate. This was obtained in an AFM tapping mode by mounting the graphite
substrate on a movable piezo table. The AFM tip apex was fixed in x and y during
the manipulation sequence, and the piezo table was moved step-by-step towards the
targeted position on the graphite surface. A train of gears of different sizes can be
assembled this way and AFM imaged afterwards (see Fig. 6a). An SEM image can
be also recorded at the same location to appreciate the exact entanglement of the
teeth between the nanogears of the train since this cannot be determined using the
AFM images even in a taping mode (See Fig. 6b). The step edges on the graphite
substrate can be clearly resolved by the AFM in taping mode of operation.

Solid-state gears of bigger size have also been achieved with the same process
up to a diameter of 10 um. This is large enough to offer a possibility to link with the
existing micron size gears [6]. However, manipulation of such gears was only
realized for diameter up to 1 um, as demonstrated in Fig. 7. Two AFM images of
the same location show a 1-pum-diameter solid-state HSQ gear before (a) and after
(b) the AFM tip located on the red cross was moved along the drawn path resulting
in a slight rotation and translation of the gear. This interplay between rotation and
translation has been discussed earlier [7] and depends on the friction exerted on the
gear by the substrate.
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200 nm

Fig. 6 a AFM imaging of manipulated nanogears in an AFM tapping mode forming a train of
gears in interaction with a step edge. b SEM image of the same graphite surface area as in a

The new process using graphite as a substrate is very promising as it will enable
to integrate the solid-state gears with the molecule gears, but two challenges remain
in order to fulfill the gap between molecular scale and nanoscale gears.

The first challenge is the coupling between a molecule gear and a solid-state
gear. The teeth defined by e-beam lithography are still too rough, uneven, and big to
directly couple with a molecule. Van der Walls coupling could be achieved, but
might be too small to pass a torque along. A mechanical coupling would still be a
better choice, and decorating a solid-state disk with the same chemical group which
terminates the molecule legs/teeth would be a valid option. Another option would
be to use the emerging 2-dimensional materials available (graphene, h-BN, MoS,,
etc....) to nanofabricate an intermediary nanogear, but that would require cutting
the outlay of the gear with atomic precision, which is not yet achieved.
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Fig. 7 AFM images of a 1-um-HSQ solid-state gear nanofabricated on a graphite surface.
a Before manipulation by the AFM tip following the path depicted by the red arrow. b After
manipulation, the nanogear clearly rotated and translated toward the interaction with the AFM tip

The second challenge that linger concerns the axle. It is of prime importance to
tackle this issue for practical nanomechanical mechanisms to be created. Using the
tips of a multiprobe system [8] in place of axle is very useful to study and
understand the mechanics in such nanogears. But it is not a long-term and scalable
option. Focused ion beam-assisted chemical vapor deposition offers an alternative
which is scalable. A small nanometer dot deposited using this technique could
potentially be used as an axle. The deposition could be done at different stages, with
each its own challenge: The dot can be patterned prior to the deposition of the HSQ
layer, so the e-beam lithography step to define the gear will have to be done in a
very precise manner, but the gear will be pinned from the start. If high resolution in
the post-patterned gear cannot be achieved, the FIB assisted dot could be made after
the gear making process. Thus, the gear will have to be either mounted on the axle
using AFM or multiprobe manipulation or the gear will be put in the desired
position before the dot is deposited. This method would be advantageous as it
would be more flexible in making complex machinery.

4 Conclusion

The precise manipulation of a molecule gear by a STM tip has been achieved on an
atomically flat gold surface. This itself is an achievement, but in order to harness the
possibilities opened by these tiny gears, we also presented the smallest solid-state
gears we could achieve by nanopatterning a 15-nm-thick HSQ layer by e-beam
lithography to fabricate gears from micrometer size down to 30 nm outer diameter.
These gears can be manipulated by an atomic force microscope tip to construct
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various assemblies which could potentially be used to be interconnected with planar
single molecule mechanical machines. However, we are still facing a few important
challenges such as the lack of solution to easily create an axle and the problem of
coupling molecule and solid-state gears.
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