
Light-Driven Molecular Motors

E.H.Huisman

July 1, 2004

Supervisor: Dr. R.A. van Delden

Rijksuniversiteit Groningen

1



Picture front page: ”Christ in the Storm on the Sea of Galilee” Rembrandt van
Rijn (1606-1669), 1633, oil on canvas 160x127cm. Molecular motors also have to
fight against (external) natural forces and have to overcome thermal motion, also

called the ’Brownian Storm’.
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1 Introduction

1.1 Nanoscience and molecular motors

Nanoscience has evolved into a major branch of science and companies which are active in nano-
technology are responsible for a multibillion industry. Nanoscience involves science at a specific
length scale, the scale of molecules and molecular complexes. The optimism on finding new phe-
nomena and applications at this length scale, sometimes referred to as ’the room at the bottom’[1],
is immense. The thought of designing machines and devices bottom-up instead of top-down, that
is starting from the molecular level instead of making macroscopic devices smaller, has gained a
lot of popularity in the last decades. These machines and devices could perform specific operations
at the molecular level. Motion of molecules at this level can still be described by Newtonian me-
chanics. Therefore, macroscopic machines could in principle be downsized to the molecular scale.
Nevertheless, the relative importance of different forces changes drastically upon downsizing. For
example, Coulomb and Van der Waals forces will dominate gravitational forces at the molecular
scale. Also, the influence of temperature is very different compared to the macroscopic world.
At room temperature atoms and molecules vibrate and experience a so called ’Brownian storm’.
So, although principles of macroscopic machines can remain the same, molecular machines could
also give rise to new technologies and future applications are subject to a lot of debate. Also, the
threats of nanoscience are a point of discussion[2].

Designed control over molecular motion is a crucial step towards creating molecules that can
perform specific functions. Knowledge on protein action has led to a consciousness of the crucial
role of macromolecules for complex life. The discovery of the mechanism of the operation of
F1ATPase[3] and myosin II[4] led to the notion that controlled rotary and linear motion is possible
at the (supra)molecular scale. In a way, these proteins can be seen as molecular machines and have
encouraged chemists to synthesize molecules with machine-like functions. Several parts for these
machines have already been reported in literature, for example: switches[5], gears[6], turnstiles[7],
tweezers[8], and elevators[9]. Quite recently, scientist have also made molecular motors. This paper
will describe the status of research on (and towards) molecular motors.

1.2 Definition of a molecular motor

Like a motor in the macroscopic world, a motor at the molecular level should give rise to control
and directionality of motion. However, an important difference is that parts of a molecular motor
at elevated temperatures already are in random motion, whereas macroscopic objects will not
posses noteworthy kinetic energy for their macroscopic functions when no additional energy is
delivered. According to the Oxford English Dictionary[10], a motor is ’a machine or mechanical
agency which imparts motion’. To be more specific and to be able to apply the term at the
molecular level, a lot of definitions and descriptions of molecular motors are given in literature.
According to Feringa et al.[11] a motor should 1) overcome Brownian motion; its movement has
to be controlled and needs to be unidirectional, 2) perform the same cycle of movements a large
number of times, and 3) convert energy into work. This definition includes linear and rotary
motors. An older definition of Feringa et al. only considered rotary motors[12]. Bustamante
et al.[13] describe a molecular motor as ’a molecule converting chemical energy into mechanical
work’. Balzani et al.[14] use the term machine. They define a molecular machine as ’an assembly
of a discrete number of molecular components designed to perform mechanical-like movements as
a consequence of external stimulation’. These machines operate via nuclear rearrangements and
are characterized by 1) the kind of energy input to make them work, 2) the way in which their
operations can be monitored, 3) the possibility to repeat the operation at will, 4) the time scale
needed to complete a cycle of operations, and 5) the performed function. Sauvage et al.[14] use
both ’molecular motor’ and ’machines’ and describe them by ’systems undergoing large amplitude
geometrical changes or leading to the locomotion of one of the components, either under the action
of an external stimulus or of a chemical gradient’. Whenever there is doubt on whether molecules
under review may adopt the name molecular motor, the definition of Feringa et al.[11] will be
applied in this review.
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Figure 1: Schematic representation of a a) rotaxane and b) catenane.

1.3 Molecular motor geometries

Several general molecular geometries are being used to design molecular motors. Almost all syn-
thetic effort to obtain linear motion is concentrated on a group of interlocked molecules: the
rotaxanes. A [2]rotaxane (latin: rota = wheel and axis = axis) is a molecule composed of a macro-
cycle and a dumbbell-shaped component. The 2 is referring to the number of interlocked parts.
A schematic picture of a rotaxane is given in figure 1. The macrocycle, or ring, is mechanically
trapped on the linear rod like part, or thread, by two bulky stoppers on each end of the dumb-
bell. The thread can contain stations where the cycle can reside. Often, the term shuttle is used
for these molecules and is also adopted here. The first rotaxane was made by Harrison et al.[15]

for pure synthetic reasons (they suggested to call it a ’hooplane’). In the 90’s, synthetic strate-
gies were improved, mainly by Stoddart et al.[16],[17]. Rotaxanes have gained a lot of attention
since then and numerous recent publications on rotaxanes appeared. All kinds of chemically and
electrochemically active rotaxanes, including switches and pistons have been developed[14].

In rotaxanes a ring is locked on a linear thread. One could also interlock the ring to another
ring. Such a molecule is called a [2]catenane (Latin: catena = the chain), see figure 1. In 1957, the
first catenane was synthesized by Lüttringhaus et al.[18],[19]. Synthetic strategies were improved in
the late 80’s and begin 90’s, mainly by Stoddart et al.[20]. If one ring is capable to glide along the
trajectory of the other, it will make a circular motion. This motion is not centered on a real axis,
but can be described as a translation along a circular trajectory. Catenanes capable of such motion
contain a static ring and a gliding ring. The static ring often contains stations for the gliding ring.
As all motions are relative, the gliding ring can also make a rotary motion by pirouetting around
the static ring, that is rotating around its own central axis. If the rings are identical, pirouetting
and gliding are equivalent.

Catenanes and rotaxanes are sometimes called co-conformational (involving topological or geo-
metrically changes of the interlocked parts)1. Conformational motors (involving motion around
covalent bonds) also exist and also other geometries such as double-decker complexes[22] are being
used for the construction of molecular motors (see sections 3.2 and 3.3).

1.4 Light as an energy source

Molecular motors can have different kinds of energy input. One often divides them into chemical-,
electrochemical- and light-driven motors. In this paper only light-driven or photochemically driven
motors are considered. Light-driven motors seem to have the best chance to arise in applications,
because of the fast control and absence of waste products[23]. Mechanisms for the operation of
light-driven motors are often well known from photochemistry. Photochemistry always involves
a photo active molecule. This molecule is excited when irradiated with light. The nature of
the excited species can be very different from the ground state species. The excited species can
relax by different pathways. The most common mechanisms for this relaxation are given in figure
2[24]. Decay pathways are not considered here. Decompositions, bond cleavage, photo additions,
hydrogen abstraction and energy transfer could in principle yield motors, but are hard to make
reversible. Molecular motors based on these mechanisms are not reported in literature. The
most common mechanisms used for designing molecular motors are electron transfer and cis-trans
isomerization.

1The term (co-)conformational has been obtained from [21].
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Figure 2: Relaxation pathways of an excited molecule.

1.5 Outline of this paper

This paper aims to give an up to date review on the development of light-driven molecular motors.
A few recently published books[14],[25] and review articles [21],[26],[27] on molecular motors and
machines already exist. This paper will not discuss biological systems, but will review synthetic
light-driven motors only. No further restrictions are made and the motors under review may be
both linear or rotary and conformational or co-conformational.

The following two sections will describe light-driven molecular motors and attempts to make
light-driven molecular motors. The components, the (proposed) mechanism and results of each
system are described. Also, their performance is put in perspective. The descriptions will not
deal with synthesis or methods of characterization. Section 2 will review research on and towards
light-driven molecular linear motors and will concentrate on a specific class of co-conformational
molecules, the rotaxanes. The section is split into two parts. The first part will describe rotax-
anes which use charge-transfer for inducing translational motion. The second part will describe
rotaxanes which use cis-trans isomerization for inducing translational motion. In section 3 re-
search on and towards light-driven molecular rotary motors will be reviewed. A specific class of
co-conformational systems will be discussed, the catenanes. Also, a conformational motor and an-
other example of controlled rotary movement will be reviewed. Section 4 will give some prospects
on performance and applications of molecular motors. Section 5 will give the main conclusions of
this paper.
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Figure 3: Rotaxane 1 of Harriman et al..

2 Linear Motion

Linear molecular motors are sometimes called (molecular) pistons, which stresses the analogy with
the macroscopic world. Linear motion is often regarded as the simplest form of motion. Myosin-II
in mammals can be regarded as a linear motor and is of crucial importance for mammal mobility[28].

2.1 Shuttles based on charge-transfer photochemistry

2.1.1 Introduction

Often, the stations of a rotaxane shuttle are chosen such that the ring will have a preferential
interaction with one of them and will be on that station for most of the time. If light is possible
to transfer an electron from (or to) the ring, the conformation might be destabilized by Coulomb
repulsion or conformational changes and the ring will start to move. If it is then capable of
accepting (or losing) the charge again, the process is reversible. Rotaxanes using charge-transfer
photochemistry will always need an electron acceptor and an electron donor.

2.1.2 Secondary charge-transfer and unwinding

One of the earlier rotaxane charge-transfer systems is described by Harriman et al.[29]. This ro-
taxane consists of an appended ferrocene stoppered thread of polyethers with a dialkoxybenzene
group in the middle and a cyclophane as ring. The rotaxane 1 is given in figure 3. The dialkoxy-
benzene electron donor and the cyclophane acceptor are part of the rotaxane. It was verified by
X-ray crystallography that the ring resides most of the time at the central dialkoxybenzene group,
as drawn in figure 3. At room temperature a 30 ps laser pulse (532 nm) causes charge-transfer and
changes in absorbance spectrum, indicating ring movement, are observed. However, for this donor
acceptor pair it was found that charge recombination is fast and will not give enough time for the
ring to glide over the thread. The authors propose another mechanism for their observations based
on secondary charge-transfer due to the presence of the ferrocene subunits. Ferrocene is known to
be a good electron donor. The mechanism is shown in figure 4.

Four steps can be distinguished. I) Light induces charge-transfer between the central donor
and the ring acceptor. This charge-transfer is subject to fast recombination. II) One appended
ferrocene stopper might donate an electron to the oxidized central donor; secondary charge-transfer.
Secondary charge-transfer gives a charge separated state with a longer life time and causes III) the
ring to move towards the neutral appended ferrocene stopper. IV) Charge recombination between
the ring and the oxidized ferrocene subunit will cause the ring to travel back again. The authors
indicate that approximately 25 % of the primary redox charge is preserved for approximately 500
ns. The article does not give hard proof for the proposed mechanism. Also, the exact conformation
of the rotaxane is not very clear. In figure 3 the thread is in its extended form, but it might also
be folded.

The authors state that if the stoppers bind to the central ring, secondary charge-transfer is more
likely. After the charge-transfer the bonds between the central parts and the stoppers might be
disrupted, unwinding the rotaxane and slowing down recombination. The charge recombination can
then be tuned by varying the length of the thread. To investigate possible binding of the stoppers
to the ring (folding), the appended ferrocene stoppers were replaced by anthracene stoppers[30],
rotaxane 2 in figure 5. Anthracene groups are flat, conjugated π systems and the possible π
stacking between the stoppers and the cyclophane was investigated. X-ray spectroscopy indeed
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Figure 4: Proposed mechanism for secondary charge-transfer by Harriman et al..

confirms that the rotaxane is folded in the ground state. Nevertheless, anthracene is not capable
of participating in secondary charge-transfer. However, charge-transfer via π bonds still could be
a successful path for secondary charge-transfer.

When combining ferrocene and anthracene end groups (3) and introducing a second station (4
and 5), control of charge-transfer pairs is further investigated[31], see figure 5. The most important
conclusions of this study are: first, π stacking in the structures with anthracene stoppers is more
efficient than in structures with ferrocene stoppers. Second, stacking almost entirely immobilizes
the ring, especially in the rotaxanes 1-3 with one station. Further, secondary charge-transfer
can be enhanced by π stacking, but has to be thermodynamically favorable, anthracene has an
unfavorable thermodynamic driving force (0.25 eV). Finally, asymmetry in the stoppers of rotaxane
3 permits directionality of secondary electron transfer due to its inherent asymmetry.

The concept of creating a long-living excited state by secondary charge-transfer and unwinding
of the rotaxane is clever, but also very complex. Migration of the ring in these rotaxanes can
not compete with recombination of the primary charge-transfer pair and no successful motors
were obtained. The yield of charge separated species is about 25 % for rotaxanes 1-3 and 10
% for rotaxanes 4-5. The attempts of Harriman et al. stress the most important condition for
charge-transfer molecular motors: a long-living charge separated state.

2.1.3 Different coordination geometries for a photo susceptible copper complex

Armaroli, Balzani and Sauvage et al.[32] incorporated a 3d transition metal in their rotaxane 6,
see figure 6. It consists of two bulky stoppers that do not play a role in the charge-transfer, two
different stations and a cyclic ligand (phenantroline). The stations and the cyclic ligand provide
different coordination geometries for the copper ion. The ligand and the stations form a tetrahedral
geometry (two phenantrolines) and a five coordinate geometry (phenantroline and a terpyridine),
respectively. It is known that Cu(I) species prefer low coordination (<4) and that Cu(II) species
prefer high coordination (5,6). The Cu(I) complex can be excited by light (464 nm, 298 K) and
oxidized to Cu(II) by an electron acceptor (p-nitrobenzylbromide) in the solution (this in contrast
to 1-5 in which the rotaxane itself contained the charge-transfer pair). The excited copper complex
has a lifetime of 34 ns. Spectral changes indicated the disappearance of the Cu(I) species within 20
minutes by irradiating. In the excited state, the copper has to lose an electron to the solvent rather
than relax to the Cu(I) ground state again. After accepting an electron to form Cu(II) the ring
will move to the station providing the preferred five coordinate geometry. By adding an electron
donor the Cu(II) is reduced to Cu(I) and the ring will move back again, yielding a translational
movement of the ring. The authors indicate that after 26 hours, 6% of the copper has moved to
the second station. The overall quantumyield of the ring movement is reported to be 3 %. The
choice of solvent and acceptor are of major influence for the results.

This system requires a chemical step to complete the cycle, the overall cycle takes approximately
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Figure 5: Five rotaxanes 1-5 synthesized by Harriman et al. in their unwinded forms.

30 hours and only a small fraction of Cu(I) is oxidized. Therefore, 6 cannot be called a light-driven
molecular motor. The authors also investigated a similar catanane (section 3.1.2).

2.1.4 A stopper as photo active center

Fully reversible motion of 7 was demonstrated by Stoddart and Balzani et al.[33] (figure 7). This
system consists of a photo active Ru(II) polypyridine complex (P) as a stopper, a p-terphenyl ring
(S) as spacer, a 4,4’-bipyridinium (A1) and 3,3’-dimethyl-4,4’bipyridinium (A2) as two electron
accepting stations, an electron donor macrocycle (R) and a tetraarylmethane group (T) as other
stopper. Like the rotaxanes discussed in section 2.1.2, here also the charge-transfer pair is contained
in the rotaxane itself. However, in 7 the stopper is a photo active center rather than a station.
The Ru(II) complex possesses excellent reversible and long lifetime photochemical properties and
can act as an electron donor. The necessity of the spacer is not completely clear from the article,
it probably circumvents secondary charge-transfer processes.

In the ground state of rotaxane 7 the ring has the highest affinity for the A1 station. From
this situation, the operation of the shuttle can be described[14] in four steps, as shown in figure
8. a) Destabilization of the translational isomer. Light excitation (450 nm) of the photo active
unit P (step 1) is followed by the transfer of an electron (step 2) from the excited state of P
to the A1 station, which deactivates this station; such a photo induced electron transfer process
is in competition with the intrinsic excited-state decay (step 3) b) Ring displacement. The ring
movement from the reduced station A−1 to A2 (step 4) competes with the back electron transfer
process from A−1 (still encircled by R) to the oxidized P+ (step 5). c) Electronic reset. A back

Figure 6: Rotaxane 6 of Armaroli, Balzani and Sauvage et al..
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Figure 7: Rotaxane 7 of Stoddart and Balzani et al..

Figure 8: Mechanism of operation of rotaxane 7 of Stoddart and Balzani et al..
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Figure 9: Rotaxane of Leigh et al., thread and ring, [2]rotaxane 8 (above) and thread (below).

electron transfer process from the ’free’ reduced station A−1 to P+ takes place (step 6), with
consequent restoration of the A1 station. d) Nuclear reset. As a consequence of the electronic
reset, back movement of the ring from A2 to A1 occurs (step 7).

Again, the authors report difficulties in finding a mechanism that is sufficiently competitive
with charge recombination. Measurements indicate that step 4 is too slow to fully compete with
step 5. The authors cannot give clear evidence for the mechanism described above. However,
when ’helping’ the molecule with the reduction of P+ and oxidation of A−1 by adding redox agents
they can provide evidence for good functioning of the shuttle. In this way they prevent charge
recombination and provide enough time for movement of the ring. When only light is used, this is
not the case.

The use of light-driven affinity change of the stations seem a very elegant way of controlling
molecular motion. Still, no proof of a pure photochemically driven shuttle based on charge-transfer
exists, but the idea should work when back donating of the light induced charge-transfer can be
controlled.

2.1.5 Photo induced intersystem crossing and hydrogen bonding

The most successful rotaxane shuttles using charge-transfer so far, have been reported by Leigh
and Brouwer et al.[34],[35]. The authors claim to have found a mechanism for shuttling over 15
Å[35] and to have made a real molecular piston[34].

The rotaxane 8 is given in figure 9. It consists of a benzylic amide macrocycle, an alkyl
thread, a 3,6-di-tert-butyl-1,8-napthalimide (ni) group which acts both as stopper and station and
a succinamide (succ) station that lies close to the second stopper. The ni station is photo active.
Upon irradiation (355 nm), the ni unit is excited and undergoes intersystem crossing to a triplet
state. This triplet excited state has a relatively long lifetime. The total cycle is given in figure 10
and is summarized below[36].

In the resting state of the rotaxane (1), the ring preferentially interacts with the succ station
(green) on the left via 4 hydrogen bonds. In step A, energy input in the form of light excites the
ni station (orange)(2). The excited state has a strong electron-accepting character. In step B, it
accepts an electron from an external electron donor D (1µs)(diazabicyclo[2,2,2]octane, DABCO)
to afford 3, with an extra electron on the ni station. This negative charge enhances the affinity
of the ring for this station. The ring then moves to the right over a distance of 15 Å (step C)
to afford 4. The oxidized donor D+ generated in step B is reduced back to D in step D, and the
unstable species 5 thus generated relaxes to the starting form 1 by shuttling of the ring back to
the succ station. The recovery process is complete within about 100 µs (time needed for charge
recombination).

The authors did not give quantitative information on the ni/succ occupation ratios, but state
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Figure 10: Cycle of rotaxane 8 of Leigh et al..

that transfer is almost complete. When probing with a laser, Leigh et al. report a rate of 104 Hz,
a power yield of 10−15 W and a quantum yield of 20%. To the best of my knowledge, this is the
first example of a charge-transfer light-driven rotaxane system functioning as a linear molecular
motor according to the definition of section 1.2.

2.2 Shuttles based on cis-trans isomerization

2.2.1 Introduction

Rotaxanes using cis-trans isomerization of carbon carbon double bonds and nitrogen nitrogen dou-
ble bonds in the thread can also provide successful paths for inducing linear motion in rotaxanes.
Cis-trans isomerization either changes the affinity of stations with the ring or causes large geomet-
rical changes, restricting ring movements. Cis-trans isomerization of carbon carbon double bonds
is also the key mechanism of vision.

2.2.2 Diazobenzene as a photo active subunit

The first claimed working shuttle based on cis-trans isomerization, rotaxane 9, is reported by
Nakashima et al.[37], see figure 11. The rotaxane consists of a diazobenzene susceptible to cis-
trans isomerization, a thread with methylene spacers and charged pyridine units, two stoppers and
a α-cyclodextrin as ring. For a diazobenzene group, the trans isomer is more stable than the cis
isomer. Absorbance spectra and NOE 1H-NMR measurements show that after irradiation (360
nm, 278 K), 9 is for 67% in its cis form. 9 can revert to its trans form both by irradiation (430
nm) or by thermal isomerization (half-life time of 13h at 278 K and 50 min at 303 K). The NOE
measurements indicate that the ring will reside mainly on the diazobenzene in the trans form and
will move either onto the methylene spacers to the left or to the right of the unit after isomerization.
Overall rates are not reported.

9 can not really be called a molecular motor, because of lack of unidirectional motion. Also,
trans to cis conversions are rather low. Nevertheless, the rotaxane shows controlled translational
movements of the α-cyclodextrin ring.

Figure 11: Rotaxane 9 of Nakashima et al..
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2.2.3 A long thread

Vögtle and Fuchs et al. made a rather long rotaxane 10[38], see figure 12. It consists of a cyclophane
ring (like 1-5 in section 2.1.2) and again a diazobenzene unit is used as photo active unit in the
middle of the thread. The thread consists of a polyether with two hydroquinone stations on each
side of the diazobenzene unit. Chiral sugar stoppers were attached to both ends of the thread. Both
para and meta substituted diazobenzenes were synthesized. The authors report successful cis-trans
isomerization for both meta and para compounds and state that translation of the ring over the
diazobenzene compound is favored for the para rotaxane. No cis-trans isomerization conversion
data are given for the para rotaxane. For the meta substituted diazobenzene, the rotaxane is
converted from trans to cis by irradiation with light (338 nm) with a quantum yield of 6 %. The
isomerization is thermally reversible at room temperature (half life time of 200h). The authors
state that the ring preferably resides on the hydroquinone groups and not on the diazobenzene, the
ring being quite electron poor and the hydroquinone rather electron rich. In the cis form the ring
will then thermally shuttle between two stations and in the trans form between four stations. This
is called ’mechanical frequency doubling’ by the authors. It is not quite clear if the diazobenzene
really is an obstruction in the cis form in this system. The authors report more data on the thread
without the ring than on the interlocked rotaxane and indicate troubles on the interpretation of
the spectra of the rotaxane 10. Data on isomerization of the meta thread without the ring shows a
trans to cis isomerization conversion (338 nm) of 95 % in the the photo stationary state (quantum
yield is 10 %). Trans to cis conversion can be obtained either thermally (half-life time of 270 min
at 333 K) or by light (446 nm, cis to trans ratio is 1/3). Overall rates are not reported.

Like 9 (section 2.2.2), this rotaxane is not a linear motor. The measurements show that
isomerization can be applied to long rotaxanes although the presence of the ring complicates
photo-induced isomerization and shifts the equilibrium to the trans isomer.

2.2.4 Directionality

A system showing unidirectionality is reported by Anderson et al.[39]. The authors report several
short rotaxanes, using a cyclodextrin (alpha and beta) as macrocycle and both diazobenzene and
stilbene central units as photo active centers. The most successful rotaxane 11 contains a stilbene
unit and a α-cyclodextrin macrocycle, see figure 13. The rotaxane thread has two inert bulky
groups which are the same for both sides. In the trans form the cyclodextrin is quite mobile on the
thread. The rotaxanes were characterized by NOE 1H-NMR spectroscopy, mass spectroscopy and
absorption spectroscopy. The stilbene unit is photochemically switched from the trans isomer to
the cis isomer by applying light (340 nm) with a quantum yield of 6%. Without the cyclodextrin
this quantum yield is a factor 3 higher, indicating that the cyclodextrin spends one third of the
time sufficiently far away from the stilbene unit to isomerize. The molecule can also be switched
back using light (265 nm) with a quantum yield of 71%. Here, the cyclodextrin does not affect the
isomerization. Rates and lifetimes are not reported.

Although one would expect that the α-cyclodextrin is free to choose which side to occupy in the
cis form, NOE measurements indicate differently. The α-cyclodextrin only resides on one side with
the larger ring, the so called 3-rim, of the α-cyclodextrin pointing to an end group. The authors
propose two mechanisms for the shuttling, one in which isomerization precedes shuttling and one
in which the shuttling precedes the isomerization. The last one seems to be more consistent with
the results.

The rotaxane shows unidirectional linear motion on the molecular level and can be considered
a light-driven molecular motor. The track is rather short though and the quantum yield for trans

Figure 12: Rotaxane 10 of Vögtle and Fuchs et al..
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Figure 13: Rotaxane 11 of Anderson et al..

to cis isomerization is rather low.

2.2.5 Hydrogen bonding

Leigh and Zerbetto et al. introduced H-bonding stations susceptible to cis-trans isomerization
in a rotaxanes[40]. They used the light-driven and thermal interconversion of fumaramide and
maleamide ( = cis fumaramide) as a switchable station for a benzylic amide cycle in rotaxane 12,
see figure 14. When irradiating the double bond, the number of hydrogen bonds with the ring
change from four to two thereby strongly reducing the affinity between the ring and the station.
The station will then thermally go back to the trans isomer. The stoppers of the rotaxane were
inert phenyl rings and the station was separated from a second non photo switchable station by
an alkyl spacer (1.5 nm).

1H-NMR spectroscopy measurements indeed proved that the photo switchable station-ring
mechanism operates correctly. The rotaxane was further ’engineered’ by introducing 3 different
but analogous non-photo active stations. In their most successful system, the non-photo active
station consists of the fum station without the double bond, a succinamide station (cf 8, figure
9). This station is almost identical to the fumaramide, but it is much more flexible on the carbon
carbon single bond and has two additional hydrogens. When the fumaramide station is in the
trans form, the cycle is present on this station for more than 95% of the time. After 5 minutes of
radiation (350nm), 65% is converted to the cis form. In this cis form of 12 the ring now spends
more than 95% of the time on the non-photo active station. Conversion to its trans form is realized
by heating the rotaxane (393 K and yields again 80% trans).

The alkene susceptible to light-driven cis-trans isomerization and its alkane analogue give rise
to three stations with a specific order in binding affinity with the ring (fumaramide > succinamide
> maleamide). The use of hydrogen bonds provide a strong but reversible binding of the ring to
the stations at room temperature. This system can be called a molecular motor. However, trans
to cis conversion is rather low and back conversion involves heating, because H-bonds disruption
have to be disrupted.

2.2.6 Another example of hydrogen bonding

Wang et al. reported a rotaxane 13 that also makes use of hydrogen bonding[41]. Like in section
2.2.4, the α-cyclodextrin stilbene combination is used. The rotaxane is given in figure 15. It

Figure 14: Rotaxane 12 of Leigh and Zerbetto et al. with the succinamide station (orange), the
maleamide staion (blue), and the fumaramide station (green).
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consists of two adjacent overlapping stations: a stilbene unit and a biphenyl unit. One stopper
is a bulky group, the other is next to the stilbene unit and consists of an isophtalic acid, which
is capable of forming hydrogen bonds with the α-cyclodextrin. A base is added to solution to
prevent too strong hydrogen bonding between the the OH groups of the α-cyclodextrin and the
two carboxylic acids of the stopper. By irradiating the molecule for 48 minutes (335 nm) the
rotaxane can switch from the trans to the cis isomer, about 63% was converted. Without the
addition of a base, the α-cyclodextrin will not move. This indicates that the bonds are quite
strong and can prevent cis-trans isomerization. In the presence of base, the isomerization will
cause the cyclodextrin to glide to the biphenyl station. The rotaxane can be converted back to the
trans isomer by irradiation (280 nm), which will allow the cyclodextrin to form hydrogen bonds
again and reside on the stilbene unit. The reactions are reported to be highly reversible. The
results were obtained with the aid of 1H-NMR and absorbance spectroscopy.

According to our definition in section 1, this rotaxane is a molecular motor. Cis-trans isomer-
ization in both directions is controlled photochemically. The authors did not give information on
switching rates. 13 is very similar to 11 (section 2.2.4), but now the directionality is obtained
deliberately by introducing H-bonds.

2.3 Summary

The rotaxanes above indeed show that charge-transfer and cis-trans isomerization indeed are pow-
erful mechanisms for directing molecular motion. Hydrogen bonds can yield strong, but reversible
binding between the ring and the station at room temperature. The most successful light-driven
linear molecular motor 8 based on charge-transfer has been reported by Leigh et al.. Making a
successful molecular piston based on charge-transfer is a delicate matter in which the separate
parts should be well chosen and tuned to compete with charge recombination to allow the actual
shuttling motion to occur.

Several light-driven linear molecular motors based on cis-trans isomerization are reported in
literature 11[39], 12[40] and 13[41]. Cis-trans isomerization conversion factors are often low. In
some cases isomerization is performed thermally. The analogy with a macroscopic piston can be
somewhat artificial, because of the large conformational changes that cis-trans isomerization can
cause in linear complexes. Isomerization will often bend the thread and therefore the linearity of
the track can be considered a point of discussion. Seen from the 1-D perspective of the thread, the
ring still makes a linear movement. Seen from the 3-D world around the thread the ring will move
over a bended trajectory.

Some of the rotaxanes considered in this section already have been incorporated in larger
geometries, such as the molecular muscle[42] and the molecular elevator[9] (see section 4).

Figure 15: Rotaxane 13 of Wang et al..

15



3 Rotary Motion

Rotary motion is very important in nature and in almost every macroscopic machine. Examples of
rotary motion in nature are the propulsion of sperm cells and the rotary motion of F1ATPase[3].
Rotary motion at the molecular level could be an important condition for developing synthetic
nano machinery. Rotary motion within molecules, or intramolecular motion is already present in
almost every molecule with a single covalent bond. Molecules with specific rotary functions already
have been synthesized. Propellers[43],[44], gears[6] and turnstiles[7] all have rotary components.
However, their motion cannot be controlled by external stimuli and therefore these systems are
not regarded here.

3.1 Co-conformational motors: catenanes

3.1.1 Introduction

A lot of progress has been made in electrochemical controlled rotary motion in catenanes[25],[14].
Here, the focus is on motion controlled by light. Again, charge transfer and cis-trans isomerization
are the driving mechanisms for rotary movements in these molecules. Several recent examples will
be discussed.

3.1.2 Charge-transfer in copper complexes

Like the rotaxanes, catenanes can contain charge-transfer centers. Sauvage and Balzani et al.
reported catenane 14 (figure 16) with a photo active center based on copper [45], like rotaxane 6 in
section 2.1.3. Again, the change in affinity for coordination geometries for different oxidation states
of copper is used. The static ring contains a bidentate unit, 2,9-diphenyl- 1,10 phenantroline (dpp)
and a tridentate unit, 2,2’,6’,2”-terpyridine (terpy). The gliding ring only contains a bidentate
unit, dpp. The rings can provide both a tetrahedral and a five coordinate geometry for the copper
atom. The copper atom can be excited by light (464 nm, 298 K) and can transfer an electron to an
acceptor in solution. In 20 minutes all Cu(I) could be oxidized to Cu(II). The Cu(II) still present
in the tetrahedral environment, then prefers to move to a five coordinate environment, causing ring
motion. This transfer is very slow and only about 5 % could be converted to Cu(II). The Cu(II)
species can then be reduced by adding a chemical agent, abscorbic acid, restoring the cycle. Like
the rotaxane, the catenane is not fully photochemically controllable and the motion is very slow.
Above that, the motion is not unidirectional.

3.1.3 A separate charge-transfer center

Another way of inducing ring movements in catenanes by charge-transfer is given by Ballardini et
al.[46]. They use an external photo active rubidium center for delivering the energy needed for
charge separation, like in rotaxane 7 in section 2.1.4. In their catenane 15 no full rotary motion is
possible around the ring containing the photo active center. However, the energy can be used to

Figure 16: Structure and operation of catenane 14 of Sauvage and Balzani et al..
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Figure 17: Charge-transfer induced ring pirouetting around a ring with a photo active center, 15.

induce electron transfer in the other ring, thereby inducing pirouetting around the ring with the
photo active center, see figure 17. In this case, after exciting the rubidium, an electron could be
transferred from one of the stations in the non-photo active ring to the ligands of the rubidium
complex, with the aid of external reducing/oxidizing agents in solution. In this system the rotation
is not unidirectional.

3.1.4 Diazobenzene cis-trans isomerization

Early research on catenanes with diazobenzene units in the static ring (the circular thread) and
a crown ether as gliding ring show that photo isomerization in [2]catenanes is possible[47],[48],
although rates and lifetimes are strongly influenced by the presence of the gliding ring and by the
cyclic structure in general. The authors showed that light sensitive units could be incorporated in
catenanes.

Balzani and Stoddart et al.[49] investigated isomerization rates with absorbance spectroscopy
of three catenanes 16a-16c using 4,4’-azobiphenoxy as a station in the static ring, see figure 18.
All catenanes had a cyclophane unit as gliding ring, a ring also present in rotaxanes 1-5 in section
2.1.2 and 10 in section 2.2.3. 16a contained a static polyether ring with an azobenzene station
and a benzene station. For 16b the gliding ring was the same, but now the benzene station is
replaced by a naphthalene station. The third catenane 16c contained a larger static ring with two
benzene stations and one diazobenzene. Cis-trans isomerization rates for the interlocked catenanes
were compared to the isomerization rates of the unlocked rings containing the diazo unit. For
16a and 16b, isomerization rates from cis to trans were about 50 times lower. For 16c this
isomerization rate was only 1.8 times lower. The authors ascribe this strong reduction to the low
lying charge-transfer state of the 4,4’-azobiphenoxy moiety, which offers fast radiationless decay.
In the smaller rings this decay is expected to be more effective because the 4,4’-azobiphenoxy
group remains closer to the tetracationic cyclophane. Another reason could be a difference in ring
strain, but space filling models showed that all rings were able to isomerize. No data of trans to cis
isomerization could be obtained due to overlap of spectroscopy bands. Balzani and Stoddart et al.
showed that light induced cis-trans isomerization is possible in catenane systems, but is strongly
dependent on ring size.

Cis-trans isomerization gives a tool for altering the static ring with an external stimulus. How-
ever, the catenanes of Balzani and Stoddart et al. (16a-16c) are far from being molecular motors.
To get a molecular motor the motion has to be unidirectional. This is a somewhat more delicate
matter in catenanes than in the rotaxanes. Destabilizing a configuration of a rotaxane in which
the ring is at the end of the thread will force the ring to glide to the other end of the thread. Here,
again the rotaxane can be destabilized and the ring will move back and unidirectional motion is
obtained. In catenanes, after a ring has glided to another position it can move back to its original
position by two trajectories; a ring has no end, see figure 19. The following section will give an
example of unidirectional ring motion.

3.1.5 Unidirectional motion by isomerization and multiple rings

A catenane showing unidirectional rotation was reported by Leigh and Wong et al.[50]. The
[3]catenane 17 consists of a large static ring and 2 small gliding rings, see figure 20. The large ring
consists of four stations with alkyl spacers in between. The four stations are a secondary amide
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Figure 18: The three rings used to investigate isomerization rates, the interlocked static and gliding
ring (16a and 16b), the static ring of 16a and 16b and the larger static ring 16c.

fumaramide group (A), a tertiary amide fumaramide group (B), a succinic amide ester (C) and a
isolated amide group (D). The stable trans isomers of stations A and B can be selectively switched
to their cis forms, A’ and B’, by applying light (350 and 254 nm, respectively). The stations have
a specific order in affinity with the ring: A > B > C > D > A’ > B’. Positions of the gliding rings
on the static ring could unambiguously be deduced by 1H-NMR spectroscopy. In the cis-trans
isomerization steps one station is destabilized. One of the rings will then move to another station.
The other ring will block one possible direction. The system resembles 12 in section 2.2.5. The
complete operation can be described as follows, see figure 21.

In thermal equilibrium, the rings will reside on stations A and B, the stations with the highest
affinity. Selectively converting A to its cis isomer (A’) by irradiation (350 nm) will cause the ring
on A to move to C via station D (1: 5 min, 67%), the other pathway is blocked. Subsequent
isomerization of B to B’ by irradiation (254 nm) will cause the other ring to move to D via station
A’ (2: 20 min, 50 %). By heating the system to 373 K both B’ and A’ will isomerize back to B and
A, respectively and the rings will occupy these stations again (3: C2H2Cl4, 24h, 100 %). Now, the
rings are interchanged. By repeating these steps, both rings will make a full circle. The motions
of the two rings separately are given in figure 22. The rings travel 1.5 times the distance of the
circularly trajectory each cycle.

The system does make mistakes. Although the directions indicated in figure 22 are the (thermo-
dynamically) preferred ones (energetically downhill) it can also move in other directions, because
the differences in binding energies between the stations are not very large. At elevated temperatures
the ring can now and then glide in another direction (energetically uphill). At room temperature
it can be regarded as a motor that slips now and then. Lowering the temperature will reduce both
slipping and rotation rate. At 195 K steps (1) and (2) occur within 5 and 20 minutes respectively.
At room temperature the rate of full rotation will be once every 8 hours.

Figure 19: In catenanes, the gliding ring can travel to the other side of the static ring by two
trajectories.

18



Figure 20: The [3]catenane 17 with both gliding rings of Leigh and Wong et al..

Figure 21: Operation of the catenane 17 of Leigh and Wong et al..
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Figure 22: Motion of the gliding rings of 17 a) and b) separately.

This catenane is a good example of how unidirectional motion can be obtained by making use
of stations with a specific order in binding affinity and by using a second ring to block possibilities
for the other ring. Nevertheless, the thermal step does give a time dependence and rates are low,
although it can be helped chemically and photochemically. One full rotation needs six distinct
external stimuli. Also, the [3]catenane is very hard to synthesize.

3.1.6 Summary

Like in rotaxanes, in catenanes both charge-transfer and cis-trans isomerization are being used to
control the ring movements. Charge-transfer catenanes have not yielded unidirectional rotations
yet. The catenane of Leigh and Wong et al. based on cis-trans isomerization with two rings does
show unidirectional movement and may be called a molecular motor.

3.2 A conformational motor based on cis-trans isomerization

3.2.1 First generation motor

Besides co-conformational rotary motors, also conformational rotary motors are described in lit-
erature. Kelly et al.[51] reported the first chemically driven unidirectional molecular motor. At
the same time, the first light-driven unidirectional molecular motor was reported by Feringa et al.
[52]. This motor is a chiral sterically overcrowded helical alkene with a carbon carbon double bond
susceptible to isomerization.

The motor of Feringa et al. 18 is given in figure 23. The formal name of the motor in its
most stable conformation is (3R,3’R)-(P,P)-trans-1,1’,2,2’,3,3’,4,4’- octahydro-3,3’-dimethyl-4,4’-
biphenanthrylidene and consists of two equal halves connected by a carbon carbon double bond.
P and M denote right or left handed helicity, respectively (position of the conjugated part relative
to the central double bond) in each half of the molecule and R denotes the right handedness of the
stereo centers at the carbon next to the methyl group in each half of the molecule.

The operation of the motor can be divided into four steps (figure 23). Each step will roughly
cause 90◦ rotation of one half relative to the other half. During the first step, light (λ ≥ 280 nm)
will induce isomerization to the cis form, inversion of helicity of both halves and a conformational
change of the methyl groups from the axial (out of plane) to the equatorial (in plane) positions.
This (3R,3R’)-(M,M)-cis species can isomerize back to the trans form by applying light (λ ≥ 380
nm), but at room temperature it will spontaneously proceed to the (3R,3R’)-(P,P)- cis species via
step 2. Also in this thermal step, the helicity of the rings inverts and also the methyl groups will
revert to the axial positions. This step is driven by a relief of steric hindrance of the two equatorial
methyl groups. In step 3, light (λ ≥ 280 nm) will induce cis to trans isomerization with inversion
of helicity and conformational change of the positions of the methyl groups. By heating the motor
to 333 K, the helicity is again inverted to (P,P) in step 4 and the methyl groups shift back to
their more energetically favorable axial positions. One part has now made a full unidirectional
rotary motion relative to the other (see figure 24) and the cycle can be repeated many times. The
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Figure 23: Light-driven first generation unidirectional motor 18.

isomerization was evident from 1H-NMR spectroscopy and the stepwise inversion of helicity could
be detected by circular dichroism.

The operation of this motor has several crucial features. A light induced energetically uphill
isomerization is followed by an irreversible energetically downhill thermal step. During each ther-
mal step the molecule quickly diminishes its steric hindrance. The relatively large steric hindrance
of the methyl group in the equatorial position and the intrinsic helical structure of the molecule
ensure the unidirectional motion of the entire process. The flexibility of the cyclohexenyl ring gives
a pathway for diminishing this hindrance, causing both inversion of helicity and the change of the
position of the methyl group.

Cis-trans equilibria can be controlled quite reasonably by light. The authors report a cis to
trans ratio of 95:5 at photo equilibrium (218 K, needed to detect the (M,M)-cis species) in step 1
and a trans to cis ratio of 90:10 in step 3. Overall rates are not reported. Rates of the thermal
step depend on the temperature chosen for operation. Above 333K, both thermal steps already
take place and continuous irradiation (λ > 280 nm) will result in continuous 360 ◦ rotation. To

Figure 24: Rotation of one half of 18 relative to the other half[21].
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the best of my knowledge this is the first light-driven molecular rotary motor with a rigid axis.
However, the molecule can not easily be attached to surfaces or other molecules and also its speed
is rather low.

3.2.2 Second generation motors

To improve the concept of the sterically overcrowded motor, Feringa et al. synthesized a second
generation motor[53]. This motor is designed to rotate faster and to provide more possibilities for
structural variation. The motor contains two different halves.

The motor 19 is given in figure 25 and can be divided in a stator (lower half) and a rotor (upper
half). The first generation motor had two equal halves and so the distinction was not made. The
rotor is mainly the same as one of the first generation halves, except for the introduction of a
hetero atom at the X position. This atom can be used to tune the space in between the two halves,
the so called ’fjord region’. The stator is quite different compared to one of the halves of the first
generation motor. It is not helical any more and also there is no chiral center. Electron donating
and electron withdrawing groups can be introduced at the R1 and R2 positions in the stator and
a hetero atom can be introduced at the Y position.

Operation is mainly the same as that of the first generation motor, except that now only
the helicity of one part is inverted and only one methyl group is switched between the axial and
equatorial position in each step. One stereo center on the rotor still ensures the unidirectional
motion by the relief of steric hindrance of the methyl group. The X and Y hetero atoms can be
used to tune the speed of the rotor, by increasing or decreasing the steric hindrance[54] . The
hetero atoms (or groups) at the X and Y positions determine the sterical properties and can yield
helix inversion at room temperature with a half life time of 2400 s by setting X = CH2 and Y =
S. The R1 and R2 groups can be used to tune the wavelength of absorption of the molecule and
also have a modest influence on the sterical crowding. Light absorption could be red shifted by
choosing X=S, Y=S, R1 = Me2N and R2 = NO2. This motor can operate by applying visible
light. Its cis-trans ratios at photo equilibrium are comparable to the first generation motors ratios
and its thermal steps needed heating up to 323 K.

Feringa et al. also showed an increase in speed of rotation by changing the six membered
cyclohexenyl ring by a five membered ring[11], see 20 in figure 26. This system is faster than
the first generation motor, but somewhat less selective. Nevertheless, it shows net unidirectional
rotation at room temperature upon continuous irradiation.

Summarizing, Feringa et al. showed beautiful examples of light-driven molecular motors. They
could improve the properties of the motors and were capable of increasing speed, modifying light
absorption and incorporating functional groups in the motors

3.3 Other rotary movements: a metallocarborane

Hawthorne et al. very recently showed another example of a charge-transfer induced molecular
rotary motion around a rigid molecular axis[55]. A nickel atom is captured between two boron
ligands: a metallocarborane. Such a structure is also known as a double-decker metal complex. A
similar system is also reported by Aida et al.[22]. However, this complex shows rotary movements
of the ligands after addition of redox agents. The metallocaborane described here, can be controlled
by light. To the best of my knowledge this is the only light-driven double-decker complex reported
in literature.

Figure 25: Light-driven second generation unidirectional motor 19.
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Figure 26: A light-driven motor 20 with increased speed.

The boron based ligands have two adjacent CH vertices each in the double decker complex.
These CH groups can either be in each others vicinity, cisoid (C), or away from each other, transoid
(T). The metallocarborane 21 is given in both configurations in figure 27. The double-decker
complex with Ni(IV) in its ground state has an energy minimum in the cisoid state. Its highest
occupied molecular orbital (HOMO) also has a minimum in the cisoid configuration. However,
its lowest unoccupied molecular orbital (LUMO) has a minimum in the transoid state. When
exciting Ni(IV) with light, an electron is transferred from the HOMO to the LUMO. This has two
effects. First, the LUMO is anti bonding in character and will elongate the ligand-ligand distance.
Second, the molecule minimizes its energy by adapting the transoid conformation. In the transoid
state the excited electron will relax back to the HOMO and the molecule will eventually adopt
the cisoid conformation again. These effects could be detected by spectroscopic techniques. Also,
theoretical evidence was given by DFT calculations. The same rotary effects could be obtained
by electrochemistry by adding an extra electron to the LUMO. The molecule is achiral and the
rotation is not over a full circle, but mainly over an angle of 144 ◦ . Also, the motion is not
unidirectional. The molecule is also called a nano-wagger by the authors. Introducing some kind
of chirality could perhaps yield a motor. It is an example of how one can make use of the excited
state only for inducing rotation.

Figure 27: The rotating metallocarborane 21.
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4 Prospects

4.1 Performance

Three important points when considering the performance of molecular motors are speed, the use
of light and unidirectional motion. Each of these three points is discussed in the sections below.

4.1.1 Speed

In general to increase speed, the number of steps of the cycle of the motor should be minimized and
the rates of the individual steps should be maximized. Light is a suitable external stimuli in this
sense, because it can reach the molecule very fast. charge-transfer mechanisms often give very fast
steps. In the catenanes and rotaxanes these steps were often too fast and charge recombination
occurred before the molecule could stabilize by ring movements. Feringa et al. were able to
increase the speed of their motors[54],[11]. Going from first to second generation motors, the speed
of rotation could be increased by several factors. Diminishing steric hindrance in the fjord region
of 19, see figure 26 by replacing the central six-ring of the stator by a five-ring also yielded an
increase in speed. They also showed that the ground state energy of the motor is important
when considering speed[56]. Light can induce both cis to trans and trans to cis isomerization of
double bonds at different wavelengths and provides a fast and instantaneous mechanism to control
molecular motion. Nevertheless, getting high trans to cis conversion rates is a delicate matter.
Mechanisms with thermal steps often need additional heat at room temperature. This complicates
the operation of these motors and can slow down operation. Technical solutions could overcome
these problems, see section 4.1.2. The use of excited states in metal-ligand complexes[55] offer very
fast (and simple) pathways for control of molecular movements. If light-driven rotary motion is
achieved via this type of mechanism, it might be very interesting for applications.

4.1.2 Light

Molecular motors provide controlled motion at the molecular level, but the question is: can they
really be controlled externally at this level? Or, what is the resolution of external stimuli? All
motors discussed so far operate in the liquid phase. Chemical agents are difficult to deliver at
specific places in solution. Electronic stimulation can be very local but needs circuitry. Light can
be applied very locally, but also has limitations. According to Abbé’s law, maximum resolution of
far field light is:

d =
λ

2NA
(1)

where d is the maximum resolution, λ is the wavelength used and NA is the numerical aperture,
which is usually in the order of unity. Maximal resolution of far field light will therefore be in the
order of 100 nm. The dimensions of a molecular motors are typically in the order of 1-2 nm. The
smallest bundle of light will still cover 104 times the surface of a molecular motor. However, near
field techniques[57], such as scanning near field optical microscopy (SNOM), provide resolutions of
about 50 nm.

Lasers provide monochromatic, polarized and coherent light sources and can be used to effi-
ciently excite molecules. Also, lasers can be used for local heating of molecular motors. Experience
in the field of optical recording[58] shows that these techniques can cover large temperature ranges
in short times and can act very locally (approximately 0.3 µm). Such techniques could also pro-
vide fast and local stimuli for molecular motors. For applications in which high resolutions are not
necessary, for example modification of surfaces, one can use ordinary light sources.

4.1.3 Unidirectional motion

Rotary unidirectional motors need to have a preference for a direction of rotation. For conforma-
tional molecules this means that the molecule needs to be chiral [59]. For rotary movements in
catenanes this is somewhat different and the stations of the static ring should direct the gliding
ring in one direction. In rotaxanes, the subject of unidirectional motion is somewhat less delicate,
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Figure 28: Molecular-scale muscle 22.

if the ring reaches the end of the thread it can only move in the other direction. The demand of
unidirectional motion can lead to complicated structures. For example, the catenane of Leigh and
Wong et al. is very difficult to synthesize and needs six external stimuli per cycle and two rings to
obtain a net unidirectional rotary motion.

4.2 Applications

Up to now, no commercial applications of the molecular motors discussed here are present. The
motors can have applications in future as part of a molecular machine if attached to other parts,
like their macroscopic counterparts. Also, the motors could have applications on their own. Section
4.2.1 will shortly describe three existing (scientific) applications of molecular motors: The artificial
muscle, a molecular elevator and applications of a molecule in a liquid crystalline matrix. Section
4.2.2 will shortly describe possible future applications.

4.2.1 Existing applications

Figure 28 shows the molecular-scale muscle 22 of Sauvage et al.[42]. The muscle consists of two
interlocked rotaxanes. The rotaxanes resemble rotaxane 6 of section 2.1.3. But now one stopper
is replaced by the ring, which can glide on the thread of the other rotaxane. The principle of
operation is the same as for 6, but now they substituted Cu(I) for another metal M (Zn(II)) to
obtain the elongated for by adding KCN and Zn(NO3)3 (CH2Cl2 298 K). The reaction could be
reversed by adding Cu(CH3CN)4· PF6. This muscle is chemically driven, but when using copper
the muscle could also be light-driven. The molecule is capable of contracting and stretching from
83 Å to 65 Å , that is roughly the same relative amount as natural muscles (27 %).

Credi and Stoddart et al. reported the synthesis of a molecular elevator 23[9]. The elevator is
given in figure 29. It consists of a tris crown ether interlocked with a trifurcated riglike component
containing different notches at different levels of its three legs. Its operation is very comparable
with the operation of the rotaxane shuttles. It is a bundle of three rotaxanes, which are kept
together by a platform. The platform can travel up and down over a distance of 0.7 nm and is
controlled by changing the pH of the solution. In principle one could also construct such a system
that can be controlled by light. The elevator can develop forces up to around 200 piconewtons
(acetonitrile solution at 298 K).

The first generation motor of Feringa et al. 18 (figure 23) is also capable of operating in the
liquid crystalline phase[60]. By doping a mesogenic host with molecular motors, cholestic phases
(phases in which the rod-like structures are arranged in a helical manner) were induced in the
liquid crystal. By applying light the motors were able to change the period of the helical order,
see figure 30. In a thin film this gave rise to a shift in reflection wavelength. The color of the film
could be changed from violet to red in 80 s. This shows that the motors can perform work and
give rise to macroscopic changes.

Summarizing, the examples above show that molecular motor can perform mechanical functions
incorporated into bigger geometries (22,23) but also can act on their own (18 in a liquid crystalline
environment).
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Figure 29: The molecular elevator 23.

Figure 30: Phase changes in a liquid crystal induced by a molecular motor 18.
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4.2.2 Future applications

It is hard to make predictions on future applications of light-driven molecular motors. Molecular
motors can induce macroscopic changes and the attachment of molecular motors on surfaces and
nano particles could drastically change their properties. Also, one could imagine that the molecular
motors could act as switchable nanovalves[61] and could play a role in optical logic gates and data
storage[14].

Progress in the field of real nanomachinery is being made and the complexity and organization
of artificial molecular machines in literature increases. Control by light with nanometer resolution
is not possible at the moment, but near field and scanning probe techniques perhaps could be used
here. The optimism on real applications in society is large, but it still remains unclear what the
first major (commercial) applications of light-driven molecular motors will look like.
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5 Conclusion

Several successful linear light-driven molecular motors have been reported in literature. Leigh et
al.[34] synthesized a motor based on charge-transfer that really resembles a piston. They could
create a long-lived excited state by intersystem crossing. Several linear motors based on cis-trans
isomerization have been reported[39],[40],[41], but cis to trans conversions are often rather low.

Several light-driven rotary motors have been reported in literature. Leigh and Wong et al.[50]

synthesized a complex [3]catenane capable of a net unidirectional rotary movement (translation
along a circular trajectory). Feringa et al.[52] synthesized a conformational rotary motor with a
rigid molecular axis and were capable of improving the performance of their motors. Light-driven
rotary motors based on charge-transfer have not been reported, yet. The use of excited states in
double-deckers complexes could perhaps also yield fast motors with a rigid molecular axis[55].

To obtain real applications of molecular motion, control over speed, the use of light and unidi-
rectional motion are crucial. Recent applications found in literature are for example a molecular
muscle[42], a molecular elevator[9] and control of color in liquid crystal films[60]. Blueprints for
future applications are hard to make. In the meantime, research on light-driven molecular motors
gives a lot of insight in processes at the molecular level. Protein action at this level already has
proved to be crucial for life on earth. Design of man-made mechanisms for control of motion at
this level is an important step for the development of nanoscience and nanotechnology.
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