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Chapter 1

An introduction to molecular
technology
This chapter deals with the broad subject of molecular nanotechnology which, within the
scope of this thesis, is restricted to molecular-based nano-mechanical systems. Models
available from physical and biophysical sciences are discussed with regard to the field of
controlled molecular systems, with specific focus on the control of translational motion in
Brownian low Reynolds number environments. An overview of the literature relating to
molecular motors is provided, and placed in the context of the models adapted from other
fields. The theoretical potential of adapting molecular motors to function in molecular
devices is also discussed.

Parts of this chapter have been published:
 Pollard, M. M.; Klok, M.; Pijper, D.; Feringa, B. L., Adv. Funct.
Mater. 2007, 17, 718.

Chapter 1

1.1 The evolution of technology
Since the industrial revolution of the 19th century, technological advances have
proceeded with an ever increasing pace. Although technological progress is for a large
part dependent on incremental improvement of known processes, large leaps forward
are hard to predict. The invention of the steam engine was driven by the necessity to
remove water from mine shafts. Not one of its developers foresaw the industrial
revolution and the rapid changes of society that were largely the result of this
invention. In a similar fashion, the invention of the solid state transistor was meant to
solve problems related to signal amplification, and was never aimed at developing
personal computers or the digitalisation of data. The digital revolution, however, was
made possible by this one invention, and opened up ways for large-scale data
manipulation, mobile telephony, the world-wide web and numerous other important
aspects of present-day society, unforeseen by the developers.
In his seminal 1959 lecture "There's plenty of room at the bottom" Richard
Feynman pointed out that given the size of atoms and molecules, every technology
known could theoretically be made much smaller. 1 Even today, despite the progress
made in miniaturisation, his comments remain true. In the 1986 book "Engines of
creation", K. Eric Drexler expanded Feynman's views to come up with a theoretical
form of molecular scale technology which he called molecular nanotechnology. 2 In
this work, which he expanded upon in a second book, 3 Drexler describes mechanical
systems translated to molecular systems, such as crankshafts, bearings and gears, with
the ultimate aim of reaching a functional technology at the molecular level. His views
proved very popular amongst science fiction writers, but initiated intense debate in the
scientific community. 4 Nevertheless, the Foresight Institute, which was founded by
Drexler but which he left in 2002, came up with a Technology Roadmap in 2007. It
was conceived in a series of workshops under the guidance of a steering committee
consisting of renowned scientists, and predicts the existence of functional molecular
devices by 2020. 5
Despite heavy debate regarding aspects of molecular scale machinery, its
possibilities, dangers and the means to realise it, the term nanotechnology has come to
be used in a broader sense as well. Self-cleaning windows, electronic ink and lab-on-achip techniques are all referred to as nanotechnological applications. Apart from that,
the use of nanoparticles in coatings, creams etc. is often discussed in the same context.
For self-cleaning windows, the function is dependent on a specialised coating that
prevents the adhesion of dirt, thus keeping the window clean. Electronic ink, used by
some newspapers, relies on on- and off sequences of black and white pixels on the
'paper', which is more like a screen in this case. Lab-on-a-chip techniques allow for
2
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chemical analysis and even synthesis on a small scale, thus realising complex output
using a minimum of material over short time periods. The first two examples represent
cases in which the 'nanotech' properties are dependent on highly specialised
characteristics of bulk material, and although the material is confined to small volumes
such as a coating or a pixel, the properties of the bulk material define the macroscopic
effect. On the other hand, lab-on-a-chip techniques are dependent on known lab
techniques, but miniaturised to micron dimensions. This process is known as a top
down approach. Nanotechnology as is common practice in chip manufacturing is
perhaps its most renowned example, reaching dimensions as small as 22 nm, 6 and
technology to reach 10 nm dimensions is due. 7 Bottom-up technology, in which
components are developed that combine together to perform higher level
functionality, is still aspirational. However, as 'smaller' has distinct advantages over
'larger' when it comes to technological applications, nanotechnology is a popular term
all through society, albeit increasingly controversial. 8
It is for this reason that research funding organisations have taken up 'nano' as
a major target for research proposals. However, such organisations generally define
nanosciences much broader than the molecular technology as referred to by Feynman
and Drexler. In this thesis, the view on nanotechnology adhered will be much closer to
the original meaning, and can be defined as "the engineering of functional systems at
the molecular scale". 9 As will become clear, the approach of one – on – one
transcription of functioning macroscopic devices to the molecular scale as taken by
Drexler might be considered naïve in retrospect, despite the profound analyses
performed in his work. Currently, ample examples of controllable molecular systems
are known, often consisting of several components. 10 At the same time, biological
examples such as the flagella motor provide evidence of the possibility of functioning
technology at the molecular level. 11 Biological machinery operates by the step by step
release of chemical energy, supplied as food and oxygen. Therefore the release of
chemical energy from artificial systems should give rise to similar possibilities. This
approach forms the basis of this thesis. Direct translation of functioning mechanical
principles to the molecular scale is considered an oversimplification of the problems,
despite the inherent complexity of even this task alone. Rather, the availability of a
light-driven molecular motor 12 presents questions as to what prerequisites need be met
for this motor to drive such, as yet, theoretical molecular machinery. A maximisation
of rotation speed and efficiency and a thorough understanding of the photochemical
and thermal behaviour lie at the heart of this topic. The results obtained are applied in
research into the realisation of controlled translational molecular motion in two and
three dimensions, as inspired by biological examples and predicted by theory.

3
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1.2 The differences of motion at macro- and nanoscale
Modern macroscopic technology is dependent on Newtonian mechanics, in
which mass and size, as well as conservation of both energy and momentum form the
basis of the laws that govern motion. As dimensions get smaller, the laws that govern
motion shift, with viscous forces gaining importance relative to inertial terms. The
ratio of inertial relative to viscous forces for an object in a given medium is given by
the Reynolds number Re: 13

Re =

inertial forces
viscous forces

=

Aνρ

η

1

where A represents the dimensions of the object, ν represents its speed through the
medium, ρ is the density of the medium and η is the (dynamic) viscosity. An example
of the significance of the Reynolds number can be found in aircraft design: using wind
tunnels, the modelling of airplane wings is done on small scale models. Accurate data
on behaviour of the full-size wing can be obtained by increasing the air velocity by the
same ratio as the size reduction.
An example might clarify the difference between the two extremes: an oil
tanker could shut down its engines kilometres before a harbour is reached. Its mass
gives it so much momentum that it will remain in motion. Only the friction with
water (and less, air) opposes the forward motion, and as that does not deliver much
opposing force it takes a long time for the tanker to come to a halt. On a molecular
scale, this works entirely differently. An initial theoretical ‘push’ to a molecule would
result in motion in the direction of the force, but because inertia is so much less
important than the other (viscous) forces playing on the object, the initial motion
induced by the push is dissipated more or less instantaneously by the heavy random
movement that we call Brownian motion. The particle will effectively have no
momentum, its motion is entirely dictated by thermal motions, viscosity and other
forces on the molecule acting at that instant in time.
For a man swimming in water, Re ≈ 104, for a small fish, Re ≈ 102. However,
a bacterium has Re ≈ 10-4. As can be seen from equation 1, motion for large objects is
dominated by inertial forces. The mechanism of human swimming is dependent on
this; it involves a quick pushing away of water by a closing of two legs, to generate a
forward force that propels the body. The legs can be separated slowly, during which
time the body slows down, but still moves forward due to its inertia. This cycle can be
repeated indefinitely (or at least until tired), to result in net forward motion. The

4
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reason that the legs can be opened slowly during inert motion is that slow separation
of the legs does not generate an equal force in the opposite direction as swift opening
does in the forward direction. 14
A similar cycle would not result in forward motion under the conditions of
low Reynolds number. Under such conditions, the negligible influence of inertia
relative to viscous forces means that only forces acting on an object at that particular
moment determine its behaviour. Any force in the past holds no consequence for the
current behaviour. For example, a bacterium that stops with forward self-propulsion
only moves 0.1 Å further before it loses all momentum, only a fraction of its size. 15
After this time, all momentum has dissipated, and the only forces experienced are the
random forces associated with Brownian motion. If the mechanism of human
swimming were transformed to a molecular scale, the body would stop immediately
after the force produced by the closing of legs had stopped. However, as opening of
the legs produces an exactly equal force in the opposite direction, this step in the
mechanism results in an equal net motion in the opposite direction. The result is that
reciprocal opening and closing does not result in net motion. 16,17
According to an example by Purcell,13a one might imagine swimming at low
Reynolds number as of swimming in a pool of thick syrup, with the restriction of not
being allowed to move whatever part of the body more than 1 cm per hour. Under
these conditions, time nor inertia is relevant, and as a result reciprocal motion of the
legs does not result in net translational motion. This example, however, represents the
conditions under which bacteria exist, and for molecules, which are much smaller still,
the conditions are even more severe. For some form of molecular technology to be
developed, these laws of interaction will need to be understood completely.

1.3 Brownian motion and diffusion
Molecular scale motion itself is omnipresent. All atoms and bonds are
vibrating, molecules reorient, translate and rotate at random, which is all dominated
by the randomness of Brownian motion. Particles subject to Brownian motion have an
average kinetic energy in all directions of ½kT, where k is Boltzmann's constant,
1.38×10-23 J K-1 and T is the absolute temperature [K].15 Similarly, particles possess an
average rotational energy of ½kT. Because of this, molecules continually exchange
energy by elastic scattering, and are distributed through solution at random. Because a
molecule in solution (e.g. lysozyme, M = 1.4×104 g mol-1) has an average translational
kinetic energy of ½kT, this means that its average speed is 1.3×103 cm s-1, or 13 m s-1
at 20 ºC! 15

5
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Figure 1: Model of a random walk of a particle in two dimensions.

The average thermal energy is equal to kT (rotational and translational
motion), so that approximately 4×10-21 J is exchanged every second at 293 K. As the
thermal relaxation time is in the order of 10-13 s, this means that thermal noise delivers
a power of approximately 10-8 W. 18 Yet at low Reynolds number the viscous
(interaction) forces dominate, and these interactions result in a change of direction
upon each encounter with surrounding molecules. A random walk in which, on
average, the kinetic energy of ½kT is preserved is the result (Figure 1). In a random
walk, a molecule typically remains in a certain area of space for some time before it
wanders away. There is no selectivity in terms of direction, nor does it avoid areas
where it has been before. As a result some areas of space are blackened by crossing
tracks, whereas other areas remain completely unexplored.
Despite the very high instantaneous velocity, the displacement of a molecule
in a random walk is relatively small. In fact, the average displacement over an assemble
of particles is zero in the absence of external forces because displacement in one
direction is always negated by displacement in the opposite direction. However, the
mean square displacement is positive, and can be used as a measure for the motility of
a particle. For a random walk in one dimension it can be shown to be proportional to
the time t according to15

6
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x 2 = 2 Dt

2

Here D is a substance-, temperature- and medium-dependent constant
(cm2 s-1), which is called the diffusion coefficient. It is dependent on the ratio of the
mean free path between molecular collisions δ, and the time between collisions τ. As
can be seen from equation 2, the mean square displacement is proportional to time,
which means that the root mean square displacement is proportional to t1/2. For this
reason, it takes 4 times as long for a molecule to reach a distance located twice as far
away, and it takes 100 times longer to wander 10 times as far. Hence despite a very
high speed of motion at every time instant, the average distance covered in a fixed
amount of time decreases with increasing length of the temporal window. For a
molecule with D = 10-5 cm2 s-1 (a small molecule in water at room temperature) the
distance from the starting point at time t is given by the sum of the distances covered
in each direction, r2 = x2 + y2 + z2. Under the assumption that motion in the x-, y- and
z- direction is independent, the average displacement <r2> in three dimensions is given
by

r 2 = 6 Dt
After starting at t0 at point (x, y, z) = (0, 0, 0), a distance of 0.1 mm is covered
in approximately 0.2 ms. On the other hand, to travel a distance of 1 cm by pure
random walk takes approximately 4 h. However, the presence of convective flow
patterns reduces this time considerably is most situations.15
A macroscopic view of diffusion processes was developed by Adolf Fick by
analogy with Fouriers law for heat transduction and Ohm's law of electricity.15 In this
model, the spatial and temporal variation of a non-uniform distribution of particles is
derived by means of a differential equation

⎛ ∂ 2c ∂ 2c ∂ 2c ⎞
∂ −
c( x, t ) = D⎜⎜ 2 + 2 + 2 ⎟⎟
∂t
∂y
∂z ⎠
⎝ ∂x

3

The time rate of change in concentration c is proportional to the gradient of
concentration over all dimensions x, y, z times a proportionality constant D, which is
the diffusion coefficient. Equation 3 relates the distribution of particles in time to an
initial distribution, and allows for calculation of the macroscopic diffusion of particles
subject to Brownian motion.

7
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In an environment where all particles display motion at high instantaneous
velocities in random directions, achieving controlled motion with predictable direction
is challenging. The ambient kinetic energy available randomises any directional
motion immediately. For example, a typical natural molecular motor consumes 100 –
1000 equivalents of ATP per second, which corresponds to 10-16 – 10-17 W.11 With an
average thermal noise of 10-8 W18 it is clear that achieving controlled motion requires
some highly specialised mechanism to function. Apart from that, the high area to
volume ratio of molecules induces strong interactions. 19 However, as will be discussed
in the next section, such circumstances do not prevent the possibility of functional
work to be delivered.

1.4 Molecular nanotechnology: functional examples from biology
The counterintuitive laws that govern motion at the molecular level do not
preclude operation of well-defined molecular devices. All living entities ultimately
consist of a well-balanced molecular system under non-equilibrium conditions. In this
array of molecular machinery inspirational examples of functional molecular devices
can be found, including, amongst others, means of control over molecular interaction,
selective gating, translational and rotational motion.11,20 The existence of such systems
presents proof that combinations of mechanical interactions at the molecular level can
result in devices with higher functionality. In view of the efforts directed toward
achieving such technology at a controllable level, efforts toward understanding
functional biological systems should not be neglected. Before elaborating on the
specific functioning of a selection of these systems, some general observations can be
made that are applicable to all:19








Biological machines are dynamic
They function in a high viscosity environment at ambient conditions
They are fuelled by forms of chemical energy, such as high energy
compounds (ATP, NADH), concentration gradients and/or electric
potential gradients
Brownian motion is integral to their function
Tracks are often used to restrict some degrees of freedom, in order to
gain control over the non-restricted degrees of freedom.
Interactions between machines are mainly non-covalent, and the
medium (water) plays a distinct role in realising these interactions

Maintaining the function of such machines in cells requires a constant supply
of fuel. Because the fuel consists of high energy compounds and/or gradients, these
need to be supplied. As a result, cells function far from thermodynamic equilibrium,
8
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and all functioning is ultimately driven by the tendency of the full system to reach
equilibrium, i.e. the thermodynamic process of reaching the overall lowest energy.
Continuous input of energy prevents these systems from reaching thermodynamic
equilibrium. Conversion of chemical energy into predefined work at a molecular level
is thus possible, but despite the growing body of knowledge on such mechanisms, the
question as to how exactly this is achieved remains to be answered.
A hypothetical quantum-mechanical machine operates with probabilities. A
given transition in such system is dictated by the probability of going in one direction
or the other. For a large number of experiments this probability can be determined,
but any single outcome is by definition unpredictable. In contrast, a macroscopic
machine can be understood by knowing the connectivity of the separate components.
Application of a force at one point has one possible outcome, and knowing the
connectivity allows for calculation of that outcome. Biological machines are
somewhere between these two extremes. Despite the common practice of picturing
biological machines by mechanical analogues, the stochastic nature of the separate
transitions cannot be ignored. Therefore two models exist, and which one best
represents machinery at this scale remains to be established.
On the one hand, biological machines can be thought of as machines
functioning in a deterministic way, somehow functioning to produce useful work
despite Brownian motion. 21 On the other, such machines can be thought of as
probabilistic systems, that in the course of a random walk somehow harness Brownian
motion to provide function. Both pictures are valid, yet at the same time none is
correct (Figure 2). The stochastic component in the functioning of small molecular
systems, which are a 100-1000 fold smaller than protein systems, is expected to be
even stronger. With the tendency of such systems to explore all possible pathways on a
probability basis, the chemical understanding of rates of reaction and energy levels of
molecules will be crucial in the development of molecular systems that move
functionally in a predefined way. Such knowledge can be extracted from the study of
well-functioning protein systems like the ones below. In the examples mentioned,
focus is on those systems in which mechanical motion is the final target. In contrast to
literature, ATP-ases will not be discussed here, despite their capability of providing
functional work to rotate molecular-scale objects in Brownian environments;11,20 its
normal function is the synthesis of high energy compounds from a concentration
gradient, and the mechanism to achieve that relies on a rotary motion. Although there
exist strong similarities in appearance with macroscopic machines, and despite the
efficiency of energy conversion to rotary motion being approximately 100 %, 22 its
function is not related to delivery of mechanical work in molecular systems. In the
examples that follow, creation of mechanical motion in low Reynolds number

9
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dynamic environments is the final function. For the scope of this thesis, control of
molecular motion to obtain control over translational degrees of freedom is the
ultimate aim, and as it is believed that such control is a prerequisite for the
construction of any molecular-scale technology, known systems displaying such
functionality are discussed.

Figure 2: A macroscopic machine operating in a deterministic way and a theoretical quantum
machine dependent on probabilities for functioning. In between a representation of kinesin,
for which so far both models seem to hold to some extent. Adapted from ref 21.

1.4.1 Myosins
Myosins are a class of molecular motors that move unidirectionally along actin
filaments using ATP as fuel.11,20 They are used in several different cellular activities
such as muscle contraction, vesicle transport, membrane trafficking and signal
transduction. 23 Actin, which serves as a track to restrict two degrees of freedom, is a
double-helical supramolecular polymer with a pitch of 36 nm. Myosin consists of
several substructures, generally divided in head and tail domains. The head domain
features the actin-binding site, which serves as the motor, as well as an ATP-binding
site located on the other side of the head domain. The tail domain has different
functions, which vary with the identity of the myosin. Such functions include the
possibility of dimerisation, providing double-headed myosin structures, or the binding
of cargo.
The general mechanical functioning can be explained as follows. 24 In the
absence of ATP, myosin binds strongly to actin. Binding of ATP at the ATP-binding
site induces a conformational change that lowers the affinity of the actin binding site
for actin, detaching myosin from the track (Figure 3, steps 1 and 2). This pathway
results in a second conformational change that allows ATP to be hydrolysed to ADP
and phosphate, which both remain bound to myosin. However, the hydrolysis results
in another conformational change that effects rebinding of myosin to actin (step 4).

10
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Figure 3: Mechanism of the actin-myosin ATP-ase cycle responsible for the production of
mechanical work (picture reproduced from ref. 24).

Depending on the myosin in question, the release of phosphate or ADP is
associated with another change in conformation, that serves as the power stroke
returning the system to the equilibrium state (steps 5 and 6). In case of myosins where
the release of phosphate is the rate limiting step, most of the time is spent in the actindetached state and such structures are called low duty-ratio myosins. These cannot
perform prolonged sliding motion unless large ensembles are formed that inhibit
diffusional processes (Figure 4a). High duty-ratio myosins on the other hand have the
release of ADP as the rate determining step, which renders them bound to actin in the
pre-power stroke state most of the time. Processive motion in that case is believed to
occur by a hand-over-hand mechanism (Figure 4b).

Figure 4: Continuous motion of myosins by low duty-ratio (a) and high duty-ratio (b) myosins
(picture adapted from ref. 24).

11
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1.4.2 Kinesins
Kinesins are a family of molecular motors that were discovered in 1985. 25 The
mechanism for operation appears to be largely the same as for myosins. 26,27 A distinct
difference is the fact that kinesin cannot produce motion by itself and is present as a
dimer. 28 A further difference is the reliability: processive motion occurs via two motor
head dimers that make 8 nm steps for each ATP hydrolysis. The chance of detachment
from the track during such a cycle is only about 1%. Another difference compared
with myosin is the identity of the track. While myosin moves along actin filaments,
kinesins move along microtubules.20 Microtubules are larger than actin filaments, with
a diameter of 24 nm and a 8 nm periodicity, and are polar in the longitudinal
direction, which gives them a positive and a negative side. Kinesin motors move along
microtubules unidirectionally from the minus to the plus side of a microtubule, in
general, while performing its task, which is mainly intracellular transport.
The chemomechanical cycle of kinesin is similar to that of myosin. However,
in contrast to myosin the release of ADP initiates the binding to the track, which
allows for ATP-binding. Hydrolysis of ATP and release of ADP then results in the
binding of the empty motor head to the track, so that both heads are attached. In this
state, the two heads are separated 8 nm, as kinesin only binds to the β subunits of
microtubules. Release of first phosphate and then ADP results in a step of the back
motor head towards the plus end of the microtubule, and completes the cycle.

Figure 5: Schematic representation of the mechanism of dimeric kinesin walking (picture
adapted from ref 29).

12
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1.4.3 Dyneins
Dyneins are large protein complexes, the structure of which is not well
established.20 Their motion is directed to the negative ends of microtubule tracks,
using ATP as fuel. Functionally, dyneins are involved in several cellular processes, as
well as in the assembly and motility of cilia and flagella, notably in spermatozoids. In
dynein, up to six ATPase units are integrated into a single chain that adopts a
hexameric ring structure. Furthermore, two other domains are known, of which the
stalk provides capacity for ATP-induced binding to the microtubule, and the stem
provides for docking of cargo.
The available evidence suggests that the mechanism of motion of dynein,
albeit as yet unknown, is different to that of the linear motors myosin and kinesin. It
has been suggested that dynein acts as a winch to generate tension, and uses that for
motion. 30 Studies on the power stroke of dynein indicate that the angle between the
stem and the stalk plays a central role. 31 Release of ADP and phosphate apparently
results in stronger binding of dynein to microtubule (Figure 6, round to square
transition). This results in a conformational change that brings the stem and stalk
together. The strain that is built up by this transition can be released to provide the
power stroke, that results in tubule movement in the direction of the arrow, with a
step size of 16 nm.

Figure 6: Schematic representation of the powerstroke of dynein (adapted from ref. 30).

1.4.4 Flagella motors
Perhaps the most famous example of molecular machinery is the class of
bacterial flagella motors. Driven by ion fluxes across the cell membrane, these protein
complexes provide a means of motion to bacteria. As the flagella motor is especially
well-studied, it can serve as an exquisite example of a functioning propulsion motor at
low Reynolds number. It comprises of more than 40 different proteins that are
combined by non-covalent interactions, and measures 45 – 50 nm in diameter.
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Together, filament, hook, rod, stator and rotor and numerous other parts with specific
functions interact to result in the generation of a linear force that propels bacteria
forward (Figure 7).11,20, 32
Torque is generated by five proteins in this complex (MotA, MotB, FliG,
FliM and FliN), and transferred to the central MS-ring protein complex. Several such
torque-generating units may be associated with the rotor, although only one is
depicted in Figure 7. The MS-ring couples the rotation force to the rod, which is a
complex comprising of hook and flagellin polymeric proteins, assembled with 3 other
proteins to form the motion-generating flagella. Bacteria move more or less linear to
the cell body by rotating the flagella in counter clockwise direction (viewed from the
end of the flagella to the cell), and then the flagella motor switches direction from
counter clockwise to clockwise rotation. This has the result of cancellation of the
forward force, which renders the bacterium more susceptible to a Brownian
reorientation. It tumbles through solution, reorienting its direction, before the motor
changes direction again and the next linear run starts in a new, random direction.
Switching between counter clockwise and clockwise rotation is more or less random in
homogeneous media, resulting in a random walk (Figure 1) in which the path length
is extended relative to the random walk from normal Brownian motion of the same
object. In media that are inhomogeneous, the chance of clockwise rotation is enhanced
by phosphorylation of a signalling protein, that is activated via a sequence of

Figure 7: Schematic representation of the different parts of a flagella motor (adapted from refs.
33 and 20).
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steps by concentration gradients in the environment. 'Food' or 'poison' gradients are
both capable of inducing similar efficiencies. Thus, the bacterium controls its motion
by reorienting more often when going in an unfavourable direction, and making
longer runs when going in the right direction. The result is that the bacterium is
capable of controlling its overall direction, even though the reorientation itself is
completely random.
In applying molecular motors in functional molecular technology, the
mechanism for the generation of force is of particular interest. The flagella motor is
capable of rotating at speeds of up to ~400 Hz, driving a bacterium forward at a linear
speed of about 30 μm s-1.13a At low speed, the torque is at a maximum. It remains
more or less constant with increasing rotation speed, with only 10 % decline in torque
until the break point (Figure 8). 34,37 In this regime, the swimming speed is linear with
rotation speed, with the (linear) power output being torque × rotation speed.
However, at higher rotation speeds the torque declines to zero, and at maximum
rotation speed torque is no longer generated. The point where torque starts to decline
is temperature dependent, reflecting the thermodynamic nature of rotation. Estimates
of the torque in the low speed regime range from 2700 pN nm by viscous drag
experiments 35 to 4600 pN nm by examination of the force exerted by swimming cells
tethered to latex beads. 36 The strength of the proton gradient over the cell membrane,
the proton motive force (pmf), determines the maximum possible torque. The cell
rotates in the opposite direction of the flagella to satisfy the overall zero-torque
condition associated with linear motion. When a motor is driving an object, it will
rotate at a speed at which the torque generated by motor rotation is balanced by the
torque exerted on the cell by viscous drag. The torque to rotate an object of fixed
shape in a medium of constant viscosity is the rotational drag coefficient times the
angular velocity. In a medium in which the frictional drag coefficient does not depend
on the angular velocity (a Newtonian liquid, generally meaning low viscosity and small
non-intertwining molecules), the frictional drag coefficient is a geometrical factor
times the (bulk) viscosity. The result is a linear relationship between torque and
rotation speed, the slope of which is the frictional drag coefficient.34 For a small
object, the frictional drag coefficient is small, and the line has a shallow slope (Figure
8). Large objects will have steeper slopes due to the increase in frictional drag. The
relationship is called a load line, and in a torque – speed plot, the crossing point of a
load line with the torque – speed relationship of the motor determines the operational
rotation speed of the flagella. The magnitude of the proton motive force determines
the eventual maximum possible rotation speed of the motor (Figure 8).
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Figure 8: Schematic diagram of the torque – speed relationships of a flagella motor at different
proton motive force (pmf, thick lines), and load lines for an object with small (ζ1), medium
(ζ2) and large (ζ3) frictional drag coefficients. The operational speed is determined by the
crossing point of the torque – speed relationship of the motor and the load line of the load.
The rate of motor rotation increases approximately linearly with the proton motive force
(right). Adapted from ref. 37

The efficiency of the flagella motor is stunning: for a torque of 4600 pN nm
at a rotary speed of 10 Hz, the power output is 2.9×105 pN nm s-1. The power input is
estimated to be 3.2×105 pN nm s-1, which relates to an efficiency of 90 - 100% when
experimental errors are taken into account.32 Efficiency remains more or less constant
up until the break point, since both the power output and the power input increase
linearly with speed. However, in the high-speed regime the efficiency decreases
rapidly, going to zero at the zero-torque point.
In the low speed regime, the motor is functioning close to thermodynamic
equilibrium, as torque is independent of temperature and solvent isotope effects are
small. 38 Here, the rate of displacement of internal components or proton flux is not
rate limiting. In the high speed regime torque is strongly temperature-dependent and
kinetic isotope effects are large. 39 This indicates that here the rotation process is
limited by the rate of proton flux. These and similar observations have led to a
mathematical model that explains most of the observations regarding torque
generation in flagella motors. On that basis, a mechanistic model for rotation has been
proposed based on association of two motA and motB residues complexed together to
drive one power stroke (Figure 9). 37,40 It is assumed that one power stroke is driven by
two protonations at motB residues, inducing conformational changes in the motA
residues that drive the rotor forward by changing the potential wells. Thus at the start
of the cycle both MotB residues are unprotonated, which allows for a conformation in
which one of the MotA residues is engaged to the rotor while the other one is free.
Double protonation at both MotB residues changes the potential wells and induces a
conformational change in which the other MotA residue is engaged to the rotor,
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Figure 9: Proposed mechanism of rotation for the rotor – stator complex of a flagella motor
displayed by the bistable conformational equilibrium of the motA/motB complex (a) and the
pathway down the potential energy surface (b). Adapted from ref 37.

thereby pushing it forward (kon). Deprotonation induces a second conformational
change that releases the engaged MotA residue and engages the free MotA residue
(koff). This effects a second power stroke of the flagella motor. Because the rotor
consists of circularly arranged FliG residues and the MotA/MotB complex remains
attached always via one of the MotA residues, this cycle can repeat itself to result in
continual rotational motion. The stator is represented as a bistable system, in which
both protonation and deprotonation drive the system to the other potential well while
at the same time releasing chemical energy in a power-stroke mechanism. Thus, in
case of a rotor with 26 FliG interaction sites on it, each motor cycle transports two
protons from periplasm to cytoplasm and advances the rotor by 1/26th rotation.
The forces associated with flagellar propulsion at low Reynolds number have
been analysed by Purcell. 41 An analysis of flagellar propulsion of microorganisms
indicates that cooperative swimming does not result in increased efficiency, but
swimming next to or between solid walls increases swimming speed by 10% due to
improved hydrodynamic interactions. 42 It is unclear, however, whether the power
required to increase the speed can be delivered in reality. The forces and fluid streams
associated with flagellar propulsion have been analysed by Sleigh. 43 However, these
theoretical analyses are performed in fixed theoretical frameworks, leaving Brownian
motion out of the picture by definition of a suitable axis system. In reality however,
bacteria that move by a flagella are subject to Brownian motion, as is their
environment. In such a case, the immediate environment is dragged along. An
interesting question has been put forward by Purcell: would a bacterium looking for
food find more by stirring of its environment?13 The answer is no, because the time to
transport something a distance l by stirring at a rate ν is approximately l/ν, whereas for
transport by diffusion it is l2/D. The ratio between these two values is a measure for
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the effectiveness of stirring in comparison to transport through diffusion. Stirring
increases the distance a molecule travels if lν/D > 1; for a bacterium the approximate
outcome is 10-2, when stirring speed is taken to be equal to translational speed. As a
result a bacterium receives as much food by waiting for diffusion; stirring its
environment locally does not increase its food supply. The common misunderstanding
that bacteria move to increase food uptake directly bears strong relation to this. The
food supply by waiting in a specific place is 4πaND, with a the radius of the
bacterium, N the concentration of food and D the diffusion coefficient. Increasing the
amount of food by 10% would mean a bacterium has to swim at 20 times its
maximum possible rate, so clearly the advantage of motion is not a direct increase in
food uptake. However, in the end motion is advantageous as the bacterium can move
to areas where food is better, or more plentiful. For this to work however, it will have
to outrun diffusion, which it can do by going the distance l ≥ D/ν. For bacteria this is
approximately 30 μm, and experimentally this distance has been found to be the
approximate length of a single swimming run. For this reason it is said that at low
Reynolds number, "if you don't swim that far you haven't gone anywhere'.13a

1.5 Theoretical approaches for the delivery of functional work
The examples above have prompted a multitude of approaches to understand
and gain control over motion at the molecular level. Theoretical models have been
developed that deal with the extraction of energy from the random pool of Brownian
motion. Though extensively reviewed in the recent literature,19, 44,45 a short summary
of such systems is given here as they represent a recurring feature of molecular systems
aimed at the understanding of the functioning of molecular systems and the
development of molecular nanotechnology.
1.5.1 Brownian motors and ratchets
Since the definition of the Universal Gas law and the development of the
statistical principles of molecular motion, attempts have been made to harness
Brownian motion with the aim of performing work. The earliest thought experiments
of this principle involved operation by 'demons', which are creatures able to
distinguish particles on the basis of their velocity or pressure (or other variables). James
Clerk Maxwell devised these examples as a tool to challenge the second law of
thermodynamics. 46 In a two-compartment vessel with a door operated by the demon
(without doing work, as the door is frictionless and is operated infinitely slowly),
particles with higher velocity than average are allowed through from left to right, and
particles with a lower than average velocity are let through from right to left
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Figure 10: Maxwell's 'temperature demon' creating a temperature gradient without performing
work by particle selection on velocity (a) and pressure demon creating a pressure difference by
selective left to right passage (b). Adapted from ref 19.

(Figure 10a). Thus the system is separated in a hot and a cold compartment without
the input of work, in clear violation of the second law of thermodynamics. In a similar
fashion, a pressure demon is capable of inducing pressure differences without
performing work (Figure 10b). The reason that such systems cannot exist is that the
demon needs to analyse the speed and direction of the particles, which requires
computation and memory, and therefore an energy input is involved in the
functioning.
The earliest example of a hypothetical system capable of performing work by
the conversion of Brownian motion was described by Feynman. 47 He devised a small
axle, which featured a ratchet and pawl system on one end, and a set of vanes on the
other. Both ends are surrounded in environments held at a specific temperature. The
operating principle is that gas particles that come into contact with the vanes by
Brownian motion make use of the asymmetry of the ratchet and pawl system to
perform work. In a molecular scale environment the pawl displays motion at all times,
and holds the wheel in place on average only. A short instant of loosening by
Brownian motion is enough for the wheel to have the possibility to rotate backward,
by random motion. The probability that this occurs is high when the pawl is loose, as
the distance that has to be covered is small. On the other hand, the vanes need be
pushed over a much longer distance in one direction to have the pawl fall into the
second tooth, which has smaller probability. Feynman was able to show that when the
temperatures in both compartments are equal, these rates cancel and no work is done.
However, when the temperature of the vane compartment is higher than the
temperature of the ratchet and pawl compartment, actual work can be produced.
Although hard to realise at a molecular scale, this example represents a theoretical
means of harnessing Brownian motion to perform work.
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Systems like these are under intense investigation recently. A ratchet is a
system in which Brownian motion is used to obtain a biased direction of particles by
Brownian motion. A Brownian motor functions by the same principle, but then the
biased motion of particles is used to perform mechanical work. Feynman's ratchet and
pawl system can be called a Brownian ratchet; if the load is attached however, it
should be called a Brownian motor.45 A large number of systems displaying biased
Brownian motion have been developed recently, with or without an opposing force.45

Figure 11: Feynman's ratchet and pawl, in theory capable of performing work when the
temperature to the right of the wall is higher than the temperature on the left of the wall.

The functioning of such systems has been well-described, both
theoretically,21,44,45 as well as from a more practical perspective.19 The ratchet principle
is a rather abstract means of describing the behaviour and possibilities of 'particles'
subject to Brownian motion, although practical realisation of the principles is possible
(vide infra). The potential could be a potential energy surface, and then the particle
would represent e.g. the conformation of a molecule or protein; alternatively the
potential might represent an electric field, and the particle a small charged species.
Though operating mechanisms differ, a general picture can be described by an
asymmetric potential, on which 'particles' subject to Brownian motion are present
(Figure 12). In the relaxed state A, all particles are present at a local minimum of the
potential. Temporary removal of the potential induces diffusion in both directions,
according to a Gaussian distribution. In the presence of a force, such as an electric
field for charged particles, diffusion takes place preferentially in one direction (to the
left in Figure 12). However, if this force is not too strong, a restoration of the
potential induces net motion in the direction opposite to the force due to the
asymmetry of the potential.
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Such systems have been constructed based on a variety of principles. The
system above is called a flashing ratchet, and periodic (or stochastic) on and off
switching of the potential results in net unidirectional motion. The temperature
ratchet, in which the equilibrium situation A is broken by application of an unbiased
driving force such as temperature, is an example of such a system. Raising the
temperature allows for crossing of the barriers, so that particles can spread as if the
potential were flat. Because of the asymmetry in the potential net translational motion
is the result. Information ratchets rely on information about the position of the
particle, resulting in selective decrease of a barrier to allow for passage in the direction
opposite of the force, and away from equilibrium. As these systems have been amply
described, the subject is not elaborated upon here.18,19,21,44,45,48

Figure 12: General operating scheme of a Brownian motor. Particles remain in the energy
minimum of an asymmetric potential according to a Gaussian distribution (A). When the
potential is removed, particles spread under the influence of Brownian motion. In the presence
of a force, there is a tendency to move in predefined direction (diffusion with drift, B). Upon
restoring the potential, the asymmetry results in motion of the particles in the direction
opposite to the force (C). Symbols t = time, F = force, γ = viscous drag, D = diffusion
coefficient.

1.5.2 Translational motion at low Reynolds number
In the 1970's, the renowned physicist and Nobel laureate Edward M. Purcell delved
into the physics of controlling motion at low Reynolds number. As described above,
he developed a theory as to what prerequisites need to be met for motion to occur
under such circumstances. The mechanism for human swimming can be transcribed
to low Reynolds number, which has been called a scallop by Purcell. The scallop can
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not swim under such circumstances, as reciprocal opening and closing does not result
in net motion for symmetry reasons (Figure 13a). The simplest animal that can swim
under such conditions is the two-hinged scallop, which has come to be known as
Purcell's swimmer (Figure 13b). It moves in the direction of the negative x-axis by
alternately moving the front and rear links, as can be seen by the centre of the middle
link (•). 49 Purcell determined on symmetry arguments that such a swimmer would
travel in a straight line, but never investigated the details of motion. Only recently
numerical analysis of the length of the linkers and angles of motion have provided a
more complete understanding of the system, leading to optimised swimmer
configurations.49,50
The fact that these means of propulsion are purely theoretical leaves a
challenge to the experimentalist. The analyses are valid for motion at low Reynolds
number, but not only the medium, but also the 'animal' itself is subject to Brownian

Figure 13: The scallop (a) and two-hinged scallop ('Purcell's swimmer', b). The reversibility of
motion results in no net displacement for the scallop, whereas the asymmetry introduced by
the alternate motion of the two hinges results in a net displacement for the two-hinged scallop
after a full cycle I - IV. Starting positions are indicated by thick lines, and end positions by
dashed lines; the black dot represents the centre. Adapted from ref 49.
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motion. In a theoretical analysis it is possible to ignore this motion because an axis
system is defined relative to the position of the 'animal'. Every motion of the 'animal'
due to Brownian motion, rotational and translational, is followed by an exactly equal
transposition of the coordinate system, so that Brownian motion does not obscure the
analysis. In other words, a frame of reference is used that moves with the Brownian
motion of the 'animal'. Under those circumstances, even small translational motion is
readily observable. As for the bacterium discussed in the section on the flagella motor,
this theoretical 'animal' must outrun diffusion to be able to observe its motion
experimentally outside and apart from Brownian motion. At the same time, this is an
absolute requirement to be able to use the motion functionally. Otherwise waiting for
diffusion would be just as efficient. For this reason, the system needs to travel in runs
of at least length l ≥ D/ν. Unfortunately however, all reference to what motion
frequencies are required for the front and back hinge to provide such pace at a given
viscosity and temperature is absent in the published analyses.
Other theoretical animals capable of translational motion at low Reynolds
number were put forward by Purcell. Among them are shape changers, rollers and a
toroidal swimmer. The toroidal swimmer has recently been analysed numerically. 51
However, the most efficient means of translocation is claimed to be provided by
changes in body shape. 52 Variations on Purcell's swimmer have been developed: by a
similar reasoning, three linearly linked spheres are capable of displaying linear
translational motion, 53 and spheres linked to a central point are capable of performing
rotational motion at low Reynolds number. 54 Absolute rates of swimming in dynamic
environments have received attention recently, but so far only chemically-driven
particles and linked-spheres have been used in experiments that quantify motion at
low Reynolds number, albeit in micrometer-scale dimensions. 55
It should not be forgotten that despite possibilities discussed above for
translational and rotational artificial motion at low Reynolds number, the path
expected for these systems is usually a random walk. For the propulsion systems
described here, a force along a specified axis of the system results, but due to the
Brownian nature of the environment a random walk is the most likely outcome. This
may increase the chance, or the rate, at which a moving structure hits a specific target,
but it provides no absolute means of motion specifically directed to a predefined
target. Achieving directional control requires incorporation of some form of alignment
in a Brownian environment.
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1.6 Work delivery in functional molecular systems
In biology, in examples where mechanical work is performed by molecular
systems, experimental evidence can be found that even in (partly) stochastic systems
functional work can be performed. 56 However, systems that are synthetically accessible
usually are much smaller than the protein-based mechanical systems found in nature.
With the ultimate goal of realisation a functional molecular technology, the question
whether small molecular systems are intrinsically capable of delivering work needs to
be addressed. Gaub et. al. showed that an azobenzene polymer is capable of delivering
work by photochemical cis-trans isomerisation. 57 A single polymer molecule attached
to an AFM cantilever produced 4.5×10-20 J work in this setup, which amounts to an
efficiency of approximately 10%. In a similar fashion, an azobenzene LC-polymer film
deposited on a PE polymer was used to drive an optomechanical engine. The circular
belt prepared from this material had its azobenzene moieties aligned along the circular
direction, and displayed a self-induced rolling motion upon irradiation on one side
with visible, and on the other, with UV-light. UV-irradiation induces a photochemical
cis-trans isomerisation, contracting the polymer, whereas visible light irradiation results
in the opposite effect. In conjunction with a pulley system, light energy could be
converted directly into mechanical rotational motion (Figure 14); the power output
was found to be directly related to light intensity. 58

Figure 14: Pulley system driven by azobenzene photoisomerisation (adapted from ref. 58).

These experiments demonstrate the potential to harness functional work from
proper alignment of polymers. Recent reviews elaborate on these possibilities. 59
However, addressing the work potential of single organic molecules (as opposed to
polymeric substances) is more challenging. Azobenzene-functionalised nanopores were
presented recently as capable of molecular stirring. 60 In this study, mesoporous silica
was coated on the inside of the pores with azobenzene moieties, and the pore outlets
were blocked by doors that can be opened and closed photochemically. 61 Cholesterol
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Figure 15: Azobenzene-functionalised silica pores that supposedly represent a molecular stirrer
system. (a) Photoisomerisation of functionalised azobenzene, (b) mesopore charged with
cholesterol guest molecules with the doors closed, (c) opening of the doors and irradiation
results in release of the guest and azobenzene photoisomerisation, (d) mechanism for the
photochemical opening and closing of the doors at the outlet of the pores (adapted from ref.
61).

was adsorbed into the silica pores, after which the pores were closed and the outside of
the particle washed to remove all traces of non-enclosed cholesterol. Subsequently the
release of cholesterol after photochemical opening of the pores was followed by
UV/Vis spectroscopy.
It was found that release of cholesterol was much faster during irradiation,
which was attributed to swift azobenzene isomerisation on the inside of the pores, thus
acting as molecular stirrers. If this is the case, functional work of single azobenzene
moieties would be established by this study. However, several arguments oppose the
validity of this reasoning. First of all, temperature effects were not excluded; decay of
excited azobenzene to the ground state will induce a local rise in temperature, thus
increasing cholesterol diffusion speed without performing mechanical work. Apart
from that, the absence of heating of the overall solution due to irradiation is not
mentioned in the article. Thirdly, the change in polarity between both the cis – and
the trans isomer could have an effect on the diffusive properties of cholesterol. Most
importantly, however, the effect of mechanical stirring is claimed on the basis of a
series of observations relating diffusion speed to light intensity, in comparison to the
dark release of the same system. However, the possibility that the most stable transconformation of azobenzene requires more space and therefore is more efficient in
blocking the pore for cholesterol lateral diffusion is not mentioned. In this case,
photochemical conversion to the cis isomer would result in less efficient blocking of
the pores, increasing the release rate of cholesterol. Such a 'cancellation of decreased
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release mechanism' for the observed effect is not considered, and control experiments
have not been performed. 62 Unfortunately, controlled release experiments using
unfunctionalised mesopores of the same type used in an earlier study by Fujiwara61
were performed using cholestane rather than cholesterol. The difference in guest
molecules is expected to exert a profound influence on the diffusion rate inside silica
pores, precluding comparison of these studies. However, in view of the intensities used
for irradiation and given the analysis of photochemical reactivity in chapter 4 it is
unlikely that the expected number of photoisomerisation events provides a mechanical
stirring effect, given the high Brownian motility of all species in the mesopore. On the
other hand, given Fujiwara's aim of a well-functioning controlled-release system this
work represents ample possibilities; only the claim of molecular stirring is disputed
here.
In another instant, photoisomerisation of a carbon-carbon double bond has
been demonstrated to result in the production of work. Overcrowded alkene based
unidirectional rotary motors depend for their functioning on a combination of
double-bond photoisomerisation and thermal relaxation; both processes are
accompanied by a helix inversion (vide infra). Doping of such structures in a liquid
crystalline environment results in a cholesteric phase, which changes in pitch upon
either photoisomerisation or thermal relaxation. The change in helicity of the motor
molecule is detected and amplified by the LC-environment, which changes its pitch
accordingly. The motion due to the reorganisation of the LC layer has been used to
rotate microscale particles and glass rods on the surface of the LC, providing work by
the amplification of the isomerisation processes of a low concentration of small
organic motor molecules. 63 Photoisomerisation results in a change in helicity of the
motor molecules, which is transferred to the helical organisation of the LC
environment and subsequently to the objects floating on the LC, resulting in
unidirectional rotation of these objects. At the photostationary state the process stops,
and thermal relaxation of the system is associated with a second change in pitch,
rotating the floating object in the reverse direction. Although the net result in this case

Figure 16: Rotation of a glass-rod on an liquid crystalline layer doped with molecular motors.
(scale bar 50 μm). Reproduced from ref. 63.
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is zero, both processes likely could be used to drive an irreversible process; functional
work can be produced from light energy stored in a chemical system driven out of
equilibrium.
A example of mechanical work directly being delivered by a molecular system
has been given by Stoddard et al. 64 A bistable rotaxane was coated on an array of
microcantilever beams, and switching of the rotaxane from its stretched to its
contracted form resulted in reversible bending of the cantilever against an opposing
force (Figure 17), thus performing work by the motion of rotaxane rings between the
two stations.

Figure 17: Rotaxane-assisted bending of a cantilever beam by an oxidation-reduction cycle.
Reproduced from ref. 64.

In a recent example, Leigh and coworkers demonstrate the possibility for an
artificial organic system to be driven away from equilibrium by a mechanism
comparable to Maxwell's information ratchet. 65 The system comprises a rotaxane,
divided in two compartments by a central α-methylstilbene on the central thread. On
both ends of the thread, an ammonium group provides a preferential binding site for a
crown-ether-based macrocycle that is locked onto the thread. The stilbene unit acts as
a gate: in the trans-form, the gate is open, allowing free motion of the macrocycle
along the thread. In the cis-form, the macrocycle cannot pass the gate, and is locked
mechanically on one of the ammonium binding sites. Both binding sites have similar
complexation abilities, and hence the distribution of the macrocycles on the threads
approaches 50% when the gate is open. Photochemical cis – trans isomerisation opens
and closes the gate. Direct excitation results in singlet isomerisation, and because the
photostationary cis – trans ratio approximates 50% the gate is open about half of the
time. To lock the ring on one of the binding sites the gates needs to be closed for most
of the time, which can be accomplished by irradiation in the presence of benzil. In
that case, the photostationary state distribution is approximately 80 – 20 cis – trans.
To open the gate preferentially when the macrocycle is close, this component was
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Figure 18: Molecular information ratchet as developed by Leigh and coworkers (A), and
representation of functioning in analogy with Maxwell's demon (B). Picture adapted from ref.
65.

functionalised with a benzophenone moiety. Benzophenone is a triplet sensitizer as
well, but it induces a photostationary state ratio of 55 – 45 cis – trans in αmethylstilbene, thus increasing the chance of an open gate when the macrocycle
approaches. Upon the approach of the macrocycle, the gate is sensitized
intramolecularly by benzophenone rather than intermolecularly by benzil, increasing
the chance of an open gate. Hence the gate senses the presence of the macrocycle, and
opens to allow passage. When the macrocycle is on the other side energy transfer to
the stilbene moiety is not possible, increasing the chance of a closed gate. Thus, the
system is driven away from thermodynamic equilibrium by light energy, using an
interplay of several components (sensitizer, ring, shaft, gate), and directing Brownian
motion in a preferred direction by opening the gate only upon the approach of the
macrocycle from the right direction.
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The ratchet system above is the culmination of years of research into
controllable molecular systems. However, control in those instances is, in most cases,
dependent on shifting the macrocyle by an external stimulus to change the binding
properties of different binding sites on the thread. The stimulus, which might be an
electric potential, pH, chemical stimulant, light etc., changes the properties of the
potential energy surface so as to provide a minimum at a different location, inducing a
geometrical shift of the macrocycle. However, in all cases this shift is driven by a
return to thermodynamic equilibrium. The system above is different in that it is
driven away from equilibrium by a combination of light energy and steric interactions.
The number of systems displaying control over intramolecular and mechanical
interlocked motion have seen a steep increase over recent years, and are especially
important for the study of molecular interactions. Although in most cases only a single
type of stimulus is used, recently a hybrid system capable of responding both to pH
changes and addition of CO has been developed. 66 However, such stimuli-driven
systems are subject of near-continuous reviewing, so that the topic is not elaborated
upon here.10,19,67
Examples of control over translational molecular motion is much less
common, and, apart from the biological examples, artificial systems have only been
developed scarcely. Macroscopic motion of an olive oil droplet has been controlled by
irradiation of an azobenzene-functionalised calix[4]resorcinarene monolayer (Figure
19). 68 In the relaxed state, the azobenzene moieties are in their trans-state. Irradiation
with UV-light results in approximately 90% conversion to the cis-isomer, which has
increased polarity and higher surface energy. Irradiation with blue light converts the
cis-isomer selectively to the trans isomer. Using a gradient light source, the amount of
cis-isomers in the monolayer can be varied selectively. An olive oil droplet that was
placed on the surface could be moved by gradient irradiation of the cis-isomers to the
trans isomers by tracing a gradient in cis-enrichment over the surface. This way, typical
speeds of 35 μm/s were observed for a 2 μl droplet.
The same principle has been applied using water droplets on a surface coated
with photoactive spiropyrans. 69 Using visible irradiation, the spiropyran is in a
hydrophobic state, and under UV-irradiation, the spiropyran is in its open,
hydrophilic state. Gradient irradiation thus results in motion of a water droplet. The
same could be done by selective photochemical covering and uncovering of a
fluorinated station of a rotaxane grafted to a surface. This way, a diiodomethane
droplet could be moved upon an incline. 70 Rhythmic motion could be generated using
an olive oil droplet on a glass surface in water solution. 71
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Figure 19: Structure of the azobenzene-functionalised calix[4]resorcinarene monolayer (left)
and motion of an olive oil droplet upon asymmetric irradiation with blue light (right).
Reproduced from ref. 68.

In solution, a red blood cell has been driven in a straight line by a beating
artificial flagella of 24 μm length (Figure 20). 72 It relies on an artificial magnetic
'flagella', that is composed of streptavidin colloid beads with magnetic properties,
connected via short flexible DNA-joints. In a uniform magnetic field, the filament
aligns accordingly. Beating of the flagella is induced by an oscillating transverse
magnetic field with an orientation perpendicular to Bx. In case of a 24 μm flagella,
transversal motion at a speed of approximately one red blood cell diameter per second
is observed in the direction of the free end of the filament.
As discussed before, breaking the symmetry of motion is essential for propulsion at
low Reynolds number. Despite the sinusoidal shape used for the oscillatory field, timereversal is broken by the bending motion of the filament in the combined magnetic
field. At the right combination of field strength and frequency, a red blood cell
attached to the flagella can thus be driven forward in a direction controlled by the
external magnetic field. Contrary to macroscopic intuition, the overall swimming
direction is to the free end of the filament, which corresponds to the right in Figure
20.
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Figure 20: Construction of an artificial flagella from DNA and streptavidin (A) and swimming
mechanism of the artificial flagella – red blood cell combination under the influence of an
oscillating magnetic field (B). Alignment stems from a uniform magnetic field Bx; Oscillations
of a variable magnetic field induce motion of the filament in the direction of the white arrows.
The bending motion of the flagella, responsible for the symmetry-breaking, stems from
hydrodynamic interactions with the medium. The resulting swimming direction is to the right
(white arrow); the time between consecutive pictures is 5 ms. Adapted from ref 72.

However, despite the advantage of being able to steer the particle with an
externally applied field, this mechanism automatically invokes ensemble behaviour, i.e.
all particles behave similar at their respective locations in solution. Several other types
of external 'f'ield' have been utilised, among which are electric fields, concentration and thermal gradients. In contrast to magnetic fields, which act on a magnetic particle,
the other fields act on an interfacial layer to provide a propulsive force. 73 However, in
all examples some externally applied field or chemical reservoir is required, preventing
single-molecule control over motion.
Self-propulsion of small objects has been realised in three-dimensional systems
using chemical energy provided by catalytic combustion. The first example was put
forward by Whitesides, who used a cm-size plate with small areas of platinum. 74
Decomposition of H2O2 by the platinum layer results in the formation of oxygen
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bubbles, that by recoil action propel the plate. Smaller (3-7 μm) monocomponent Pt
or Rh rods are found to behave similarly, being driven by oxygen bubbles. 75
Micrometer-scale Pt-Au composite nanorods also display self-propulsion through
catalytic decomposition of H2O2 in dilute solution, 76 but in this case, self-induced
oxygen gradients along the long axis of the rod are proposed as the cause of the
propulsive force. 77 Numerical analysis shows that motion of these particles occurs at
rates comparable to flagella-driven cells (2 – 10 body lengths s-1), but the efficiency is
low. Every H2O2 molecule reacting delivers a Gibbs energy ΔG of -50 kBT; if every 10
s one molecule of H2O2 would react at the surface, in principle that would yield
enough energy to propel the rod. In reality however, the rate of reaction of H2O2 on
the surface amounts to 109 s-1. 78
A molecular system capable of autonomous motion in solution relies on an
enzyme mimic attached to a microparticle. In this case, the particle is moved forward
by oxygen recoil, rather than by oxygen gradients on apolar surfaces. A specially
prepared manganese-based catalase mimic is used, consuming H2O2 at rates of 0.27 s-1.
A random walk of the silica particle was traced in real time by video camera; the
average speed is 35 μm s-1. 79 The same principle of propulsion was applied by
attaching glucose oxidase and catalase enzymes to a carbon nanotube (200 – 800 nm
size), allowing it to propel itself by catalytic oxidation of glucose to hydrogen peroxide,
which subsequently was disproportionated to molecular oxygen by catalase. The rate
of motion was in the order of 0.2 – 0.8 cm s-1 (Figure 21). 80
In a truly molecular example, two-dimensional translational diffusion is driven
in one direction by use of the symmetry of a Cu(111) surface. 81 By cooling the surface
to 50 – 70 K, diffusion of dithioanthracene (DTA) can be followed by STM. The
molecules lie flat on the surface, with the sulfide groups absorbed. Because diffusion
takes place when one sulphur atom loosens from the copper surface, absorption of the

Figure 21: Self-propulsion of carbon nanorods by the combined action of glucose oxidase and
catalase. In the presence of glucose, the nanorods display self-propulsion (thin line) by the
formation of oxygen bubbles (black circles). In the absence of air, oxygen levels are too low to
allow for glucose to be oxidised, and the rate of bubble formation slows down. In this case,
larger aggregates are observed. Reproduced form ref 80.
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Figure 22: Nanocar featuring fullerene wheels (A) and theoretically light-driven nanocar
featuring carborane wheels (B). Reproduced from ref 83.

the other sulphur atom controls the direction. The combination of the symmetry of
the copper surface with the symmetry of DTA means that diffusion takes place only in
one direction, with repetitive absorption and desorption of the sulfide groups from the
surface. Thus the molecule 'walks' over the surface, but as it is driven completely by
diffusion the process cannot be controlled other than by temperature.
Similarly, direction of diffusion has been controlled by a rolling motion on a
gold surface. A molecular car, consisting of a rigid scaffold and fullerene wheels, was
shown to diffuse preferentially in the direction perpendicular to the axles. This is
attributed to the lower barrier of single bond rotation as compared to sliding or stickslip motion over the surface, 82 effecting a thermally-induced rolling motion over the
surface. Apart from that, motion could be induced with an STM-tip. Furthermore, an
attempt was made to power these devices using light-driven unidirectional rotary
motors (vide infra). Despite confirmation of motor functioning in a molecular car
featuring carborane rather than fullerene wheels, the motor could not be made to
power translational motion of the nanocar. 83
When taking all the above examples together, it becomes apparent that there
exists a definite potential for a molecular technology. Nature's examples provide clues
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as to how such technology might function: Brownian motion rather than fully
controlled directed motion provides the basis, and continuous switching of energy
levels provides a ratchet-like mechanism for control over the direction of motion.
Motion is powered by the release of chemical Gibbs energy, and control over
mechanical motion is the result. Several mechanisms to achieve directional control
have also been established. Because interactions at the molecular level are so different
from macroscopic interactions, theoretical and practical investigations for the control
of artificial systems have been undertaken. From these studies, an understanding of
how to achieve control over (intra- and inter-)molecular interactions, as well as over
translational motion is apparent. At the same time, it has been made clear that even
small molecules are capable of performing work when inserted in a suitable
environment. Although only a few instances have resulted in a quantitative analysis,
the fact that work can be performed by molecular systems has been amply proven.
Release of chemical Gibbs energy thus can perform functional work; a suitably small
system for continuous conversion of light energy into chemical Gibbs energy has been
developed, and will be discussed in the next section.

1.7 Light-driven unidirectional rotary motors
The first and so far only example of a single molecular structure that is capable
to convert light energy into repetitive unidirectional rotation was developed in 1999.12
It functions by alternating sequences of photochemical cis – trans isomerisation to a
higher-energy isomer, followed by release of this energy by a thermally activated helix
inversion. Unidirectionality is accomplished by stereogenic centres on the rotating
subunit, so that at high enough temperature under continuous irradiation, both halves
display continuous rotation relative to each other, with the central double bond
functioning as the axis of rotation. Shortly after, this first generation system was
followed by a second generation, which displays unidirectional rotation following a
similar mechanism, but in this case only one rotor subunit is used (Figure 23).
S
rotor
fjor d
region

axle
stator
S

1 st generation

2 nd generation

Figure 23: Examples of first- and second-generation light driven unidirectional rotary
molecular motors.
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1.7.1 First-generation motors
The structure of the first-generation molecular motor 1 features two identical
halves connected by a central carbon-carbon double bond which acts as the axis of
rotation. The motor possesses two stereogenic centres bearing methyl substituents
which dictate the direction of rotation of the upper half relative to the lower half of
the molecule. In the stable isomers, these methyl groups adopt a pseudo-axial
conformation to minimize steric repulsion with the other half of the molecule, leading
to the helical geometry.
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Figure 24: a) Photochemical and thermal isomerisation processes of motor 1. Step 1: UV
irradiation (λ > 280 nm) of (P,P)-trans-1 gives a trans-cis isomerisation and a photoequilibrium
with 95% conversion to unstable (M,M)-cis-1. Step 2: At room temperature, unstable (M,M)cis-1 undergoes a spontaneous helix inversion to give stable (P,P)-cis-1. Step 3: UV irradiation
(λ > 280 nm) gives a photoequilibrium with 90% conversion to unstable (M,M)-trans-1. Step
4: Heating to 60 °C induces a second, energetically downhill, helix inversion to regenerate
stable (P,P)-trans-1. b) CD spectra of each isomer of motor 1, inset: CD signal at 217 nm
followed through 2.75 consecutive rotational cycles.

The rotary cycle of 1 can be dissected into four steps (Figure 24a):
Step 1: Irradiation of stable (P,P)-trans-1 with UV light (λ > 280 nm)
initiates a photochemical trans → cis isomerisation around the central double bond
(Figure 24a, step 1). This isomerisation occurs with concomitant inversion of the
molecule’s helicity (P,P → M,M). In unstable (M,M)-cis-1, the methyl substituents are
forced to adopt a strained pseudo-equatorial orientation where they experience steric
crowding with the naphthalene rings flanking the opposite side of the double bond.
The formation of this new high-energy intermediate can be followed by 1H NMR and
circular dichroism (CD) spectroscopy (Figure 24b, solid → bold solid). At its
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photostationary state (PSS), 95% of the material has been converted to unstable
(M,M)-cis-1.
Step 2: An helix-inversion step occurs spontaneously at room temperature,
releasing the strain in the molecule (t1/2 = 32 min at 20 °C in n-hexane, Δ‡G° = 91 kJ
mol-1). 84 In this step, the methyl groups slip past the naphthalene rings of the opposite
half and regain their energetically favoured pseudo-axial conformation, thus generating
stable (P,P)-cis-1. The successful realisation of this step completes the first 180° of the
rotary cycle of the upper half relative to the lower half of the molecule (Figure 24a).
The inversion of molecular helicity is clearly shown by the inversion of the major
bands in the molecule’s CD spectra (Figure 24b, bold solid → dotted). The large
difference in Gibbs energy between the isomers is responsible for the unidirectionality
of the process by ensuring complete, irreversible conversion of the unstable form to
the stable form. Molecular modelling calculations show that the energy difference
between unstable (M,M)-cis-1 and stable (P,P)-cis-1 is 46 kJ mol-1. 85
Step 3: Irradiation (λ > 280 nm) of stable (P,P)-cis-1 initiates a cis → trans
isomerisation to generate unstable (M,M)-trans-1. In analogy with unstable (M,M)-cis1, the stereogenic methyl groups in unstable (M,M)-trans-1 are locked in a highly
strained pseudo-equatorial conformation (Figure 24a). This photoisomerisation can
also be monitored by 1H NMR and CD spectroscopy, since the molecule is again
changing its helicity from (P,P) to (M,M) (Figure 24b, dotted → dashed).
Step 4: The strained molecule requires gentle heating (60 °C) to facilitate the
last step of the rotary cycle where an energetically favourable helix inversion releases
the conformational strain and regenerates stable (P,P)-trans-1 with axially oriented
methyl substituents (Figure 24b, dashed → solid). Calculations indicate that this step
proceeds with a substantial Gibbs energy gain of 35.9 kJ mol-1 which, as was the case
in step 2, ensures the unidirectionality of the rotary process. Since the barrier to
thermal helix inversion in this step is so much higher than step 2, step 4 is ratelimiting in this system. The large barrier to this helix inversion (t1/2 = 439 h at 20 °C
in n-hexane, Δ‡G° = 107 kJ mol-1) necessitates heating (> 60 °C) combined with
continuous irradiation to generate continual, repetitive unidirectional rotation of one
half of the molecule relative to the other.
To better understand how the motor functions, an examination of the Gibbs
energy profile of the rotary cycle can be helpful (Figure 25). In the first step, the input
of energy is achieved through the absorption of a photon by stable trans-1. This leads
to the generation of an excited state whose decay leads to a photoequilibrium between
the lower energy stable trans-1 and higher energy unstable cis-1. Motor 1 benefits
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from a favourable photoequilibrium (> 95:5) in this step, although this is not essential
for unidirectional rotation. 86 Unstable cis-1 undergoes an energetically downhill helix
inversion to give stable cis-1, which quantitatively and irreversibly removes the
unstable isomer from the photoequilibrium of the previous step. This step is made
irreversible by the large energy difference (46 kJ mol-1) between the stable and unstable
isomers. The third and fourth steps can be understood analogously (Figure 25), where
absorption of a photon by stable cis-1 results in a light induced cis → trans
isomerisation around the double bond to give strained unstable trans-1. As in step 1,
the favourable photoequilibrium of step 3 (stable cis-1 ⇌ unstable trans-1) is
beneficial, though not essential for the unidirectionality of the process. Like step 2,
step 4 requires thermal energy to initiate the helix inversion to ultimately regenerate
stable trans-1 after a complete 360° rotation of the upper half relative to the lower
half. This order of structures in the potential energy diagram is corroborated by
molecular modelling. 87,88

Figure 25: Gibbs energy profile of the rotary cycle of 1.

To unravel the mechanism by which these structures rotate, structures with
increased steric hindrance at the stereogenic centre have been prepared. A system with
ethyl groups rather than methyl groups did not display much difference with the
methyl-substituted structure 1, but substitution for iso-propyl groups resulted in the
clear observation of two different isomers during helix inversion of the trans-isomer (2
in Figure 26).84 However, despite a strong retardation of the pathway unstable trans-2
→ stable trans-2 relative to the same pathway for 1, the unstable cis isomer could not
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Figure 26: Rotary cycle of 2, showing that the thermal isomerisation proceeds through a (M,P)
intermediate, and that the structural modification resulted in acceleration of the cis helix
inversion and deceleration of the trans helix inversion step. Reprinted from 84.

be observed, probably due to a high rate of thermal unstable cis-2 → stable cis-2
conversion, even at -60 ºC.
The rotation process was accelerated by contracting the central 6-rings on the
central axis to 5-ring cyclopentylidene structures, thus reducing the steric crowding in
the fjord region (Figure 23 and Figure 27). 89 An additional consequence is that 1,3diaxial strain between the axial methyl groups of the stable isomers of 1 with the
benzylic ring protons would be relieved to some extent in compound 3. 90 This in turn
leads to stabilization of the stable isomers relative to the unstable isomers. The
difference with 1 is that despite a slightly less favourable photoequilibrium for
irradiation of stable (P,P)-trans-3, the barrier to thermal helix inversion of unstable
(M,M)-cis-3 to stable (P,P)-cis-3 is not significantly altered (Δ‡G° = 93 kJ·mol-1, t1/2
(20 °C) = 74 min). On the other hand, the barrier to thermal helix inversion of
unstable (M,M)-trans-3 to stable (P,P)-trans-3 was 30 kJ mol-1 lower than the rate
observed for the trans helix inversion step in 1 (110 kJ mol-1, t1/2 (20 °C) = 18 s). From
these experimental observations it is clear that the use of 5-membered rings fused to
the overcrowded alkene instead of 6-membered rings lead to a dramatic 8×104 fold
acceleration of the trans helix inversion step, but almost no change in the rate of the cis
helix inversion step (in fact, ~2 fold slower!). This difference in behaviour highlights
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how the structural features governing the Gibbs energy barriers to cis and trans helix
inversion steps can be quite different.
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Figure 27: Accelerating the motor by incorporating 5-membered rings fused to the central
alkene. Reprinted from 89.

1.7.2 Second-generation molecular motors
The “second-generation” design of light-powered unidirectional rotary motors
was explored to adapt to the requirement of more uniform rotation behaviour and
easier chemical modification (right structure, Figure 23). 91 This design applies the
same principles as used in the first-generation motors. A similar upper half is used,
comprising a naphthalene unit fused to a 6-ring with a methyl at the stereogenic
centre, the configuration of which controls the direction of rotation. In analogy to the
first-generation design, the energy input is achieved by absorption of a photon. This
initiates a photochemical double bond isomerisation which generates a product which
is conformationally unstable because the substituent at the stereogenic center becomes
trapped in a high energy, pseudo-equatorial conformation. The strain is then released
in an energetically downhill helix inversion which regenerates the isomer with the
methyl group in a more stable pseudo-axial orientation.
In the second-generation design however, the lower half is now derived from a
symmetric tricyclic molecule (symmetric except for a substituent, Figure 28), an
alteration which offers several practical advantages. One advantage is that the barrier
to helix inversion in both of the thermal steps in the cycle are (nearly) the same. This
reduces the complexity associated with accelerating the rate limiting steps and allows a
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more systematic evaluation of the subtle structural features governing the
photochemical and thermal behaviour of the molecules. A second advantage is that the
inherent dissymmetry between the upper and lower halves facilitates selective
functionalisation. A third is that the synthesis of these second-generation motors
avoids the harsh Lewis acidic conditions and low yields characteristic of intermolecular
McMurry coupling reactions employing sterically hindered ketones.
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Figure 28: Rotary cycle of a second generation molecular motor and the CD-spectra of the
individual isomers in the rotation cycle. Inset displays the continuity of the cycle. Reprinted
from ref 91.

The rotary cycle of these molecules can be followed using 1H NMR, CD
and/or UV/Vis spectroscopy, in analogy with the first-generation systems. Since the
products of steps 1 and 3, and steps 2 and 4, respectively, are pseudo-enantiomeric, 92
their CD spectra are also approximately mirror images (Figure 28, right).
In the rotary cycle of the second-generation motors, the stable (M)-trans-4
adopts a helical shape where the upper and lower halves distort from planarity in
response to the significant steric crowding they experience, ultimately adopting an
anti-folded geometry. 93 Similar to what was observed in the first-generation systems,
the methyl substituent at the stereogenic center adopts a pseudo-axial conformation to
minimize steric crowding with the lower half of the molecule. Irradiation of stable
(M)-trans-4 causes a photoinduced trans → cis isomerisation to give the unstable (P)cis-4 which is temporarily trapped in a high energy conformation. The strain in this
molecule is caused by steric crowding by the stereogenic methyl group which is caught
on the “wrong” side of the lower half, and as such remains in a pseudo-equatorial
conformation. This strain is released in step 2 where the methyl group and the
naphthalene upper part slip past the aromatic rings of the lower half, allowing the
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methyl group to regain an axial conformation while inverting the helicity of the
molecule. Inversion of helicity is highlighted by the inversion of the major bands in
the CD spectra observed with this transformation. Step 3 is exactly analogous to step
1, and thus generates the strained isomer, unstable (P)-trans-4. Step 4 is exactly
analogous to step 2, wherein the conformational strain is released in an energetically
favourable thermal helix inversion step, thus completing a full 360° rotation of the
upper “rotor” half of the molecule around the lower “stator” half of the molecule, with
the double bond functioning as the axis of rotation.
Using the second-generation design, the effect of structural alteration has been
studied. A series of molecular motors with different bridging atoms X and Y was
prepared, and analysed using the techniques described above. This revealed that even
exchanging a single atom can have dramatic effect on the barrier to thermal helix
inversion (Table 1). From the results it became apparent that it is not only the
distance between the bridging group X or Y that determines the barrier to thermal
helix inversion. Other factors appear to be of influence as well. For rotor bridging
groups X, the size of X appears roughly to correlate to the barrier of thermal helix
inversion, but for stator bridging groups Y there is no correlation of the barrier to
thermal helix inversion and the size. Fluorene stators, without any Y group, display the
least hindrance, but are found to display the highest barriers. 94
Substituting a phenanthrene rotor for a cyclopentylidene substructure (X =
CH2 to X = - for Y = -; 5 to 7 in Figure 29; Table 1 and Table 2) had the effect of
lowering the Δ‡G° considerably, decreasing the thermal isomerisation barrier by a
factor 108 (t1/2 = 1300 years → 3.2 min at RT). Thus a unidirectional rotary motor
was found to function well at room temperature.94
For this structure, the influence of the size of the stereogenic substituent R was
evaluated in a series of different experiments (Table 2). 95 It was found that increasing
the size of the substituent R decreases the barrier to thermal helix inversion. Though
the phenyl substituent of 6 appears larger than the methyl group of 7 at first sight, the
higher barrier can be attributed to the sp2 hybridization of this group, allowing it to
adopt a conformation parallel to the fluorene lower half and minimising steric strain.
Using DFT-calculations, the origin of this effect was identified. The larger the
size of the group, the more the unstable isomer is required to adopt a twisted
conformation, thus increasing its energy relative to the stable form. This is apparent
from both the torsion angles of the double bonds of the unstable forms, as well as
from the length of the central double bond, which increases due to less efficient π-
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Table 1: Gibbs energy of activation Δ‡G° [kJ mol-1] for the thermal helix inversion of selected
second-generation motors with various bridge groups X and Y.

X
Ob
CH2
S

Y
d [Å]
2.34
2.48
2.75

1.46
106
5: 139
n.d.a

O
2.33
81
n.d.a
100

CMe2
2.46
67
94
106

S
2.64
69
92
106

suberene
3.0
n.d.a
103
101

a) n.d.: not determined. b) ref 96.

overlap with increasing torsion. As the energy of the transition state and stable forms is
affected less than the energy of the unstable form, a relative decrease of the barrier to
thermal helix inversion results. The structure with the lowest barrier, 9 with R = tertbutyl, was found to have a half life time of only 5.7 ms at room temperature (Δ‡G° =
60 kJ mol-1).
Extending the rationale of decreasing steric hindrance in the fjord region
further, the rotor of fluorene-based molecular motor 6 was substituted for a p-xylene
rotor (10, Figure 29). 97 This substitution leads to a lower barrier, decreasing the half
life time for thermal helix inversion 12 times relative to the parent motor 7 (Δ‡G° =
Table 2. Increasing the size of the stereogenic substituent increases the torsion angle and
consequently lowers the barrier to thermal helix inversion. Reprinted from 95.
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6

Ph

1.18×10-3

88
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94.6

1.3515
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Me

3.64×10-3

85

102.8
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1.3525

190
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Pr

7.32×10-3
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98.3

88.2

1.3535

95

9

t

Bu

1.21×102

60

88.6

67.3

1.3569

5.74×10-3

a) ΔG values and bond lengths were calculated using DFT using the B3LYP hybrid density
functional with the 6-31G(d) basis set. St=stable Unst=unstable, TS=transition state.
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Figure 29: Acceleration of fluorene-based molecular motors.

79.1 kJ mol-1, t1/2 (20 °C) = 15 s). The behaviour of this rotor is similar in all respects
to naphthalene-based rotors.
The incorporation of molecular motors into functional systems has resulted in
several systems with higher functionality. The doping of liquid crystalline (LC) phases
with a molecular motor, thus proving the capability to perform work by affecting its
environment, has already been discussed.63 Apart from that, molecular motors have
been used to switch the twist sense of a helical polymer. 98 Similarly, this principle has
been demonstrated to be applicable in controlling the twist sense of LC polymeric
environments. 99 In studies toward the behaviour of molecular motors at interfaces,
proper functioning has been demonstrated on gold nanoparticles, 100 and likewise on a
quartz surface. 101 Recent reviews discuss these systems in more detail. 102

1.8 Perspective
With regard to the aim of applying molecular motors to convert light energy
into controllable motion, a good understanding of such systems is provided by
previous studies. At the same time, guidelines are provided for further opportunities to
explore these dynamic molecular systems. Similar to ratcheting mechanisms, that
harness random Brownian motion to achieve directional motion by the switching of
particles on asymmetric energy profiles, molecular motors should be capable of
displaying such functionality. If the 'particle' is understood to be the position of the
motor on the potential energy profile, switching of the particle to the next well is
achieved by light-induced isomerisation in a travelling-wave ratchet-like mechanism.19
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The asymmetric nature of the energy profile allows for thermal isomerisation to take
place in a unidirectional sense. The higher energy of the unstable species (typically 15
– 20 kJ mol-1) should then be understood as the maximum amount of work a motor
molecule can deliver, i.e. 3×10-20 J (for ΔE = 17.5 kJ mol-1). Combining this value
with the light energy of a single photon (E365 nm = 5.45×10-19 J) it is apparent that the
efficiency of energy conversion is quite low, especially when taking into account that
this value is the maximum energy output. In reality, output of functional work is
probably much lower, as much of the energy difference is likely to be dissipated via
(random) vibrational motion of the motor itself during thermal isomerisation. When
working against an opposing force, the barrier to thermal isomerisation likely becomes
higher still. Apart from that, multiple photons are required to arrive at the unstable
intermediate when the quantum yield for photoisomerisation is not 1, reducing
efficiency even further (for 17.5 kJ mol-1 and ϕ = 0.5, the efficiency is 2.8 % assuming
full use of the maximum output power), and an opposing force is estimated to further
reduce quantum yields. However, it has been shown that work can be delivered by
molecular systems, so despite low efficiency of energy conversion it should be possible
to extract directed work from light energy using a molecular motor.
Incorporation of motors into functional systems requires an understanding of
the physics of motion at low Reynolds number, of functional systems found in nature
and of the possibilities and functioning of such motors. In this chapter, a basis was
provided for what parameters govern design and function of systems at low Reynolds
number. Further studies into the behaviour of molecular motors will be described in
this thesis, with specific focus on ultimate adaptation of these systems to influence
translational motion at the molecular level. With this aim, chapter 2 describes
experiments to demonstrate the increase of the rate of the thermal step to half life
times in the order of a few nanoseconds while preserving the unidirectional character
of rotation. Thus, MHz rotation is possible provided suitable irradiation conditions
are used. In chapter 3 the mechanism for thermal helix inversion is found to proceed
through a common motion along the reaction coordinate for all molecular motors
studied. In other chapters, short reference to this mechanism will be made. Chapter 4
describes attempts to influence (random) three-dimensional diffusion using molecular
motors capable of performing MHz rotation. Failure to observe any influence on
diffusion is traced back to the actual average rotation rate per molecule under the
experimental conditions. A kinetic analysis reveals that the light intensity required to
achieve MHz rotation is much higher than previously assumed. An excel sheet based
on this analysis that allows for calculation of the actual number of rotations given a
certain set of experimental conditions will be made available in the laboratories of
prof. dr. B. L. Feringa. In chapter 5 the influence of highly viscous media on the
photochemical and thermal behaviour is studied using the glass-transition of binary
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organic media. It is found that the position of the photoequilibrium can be controlled,
which is possible due to the higher volume of the stable isomer relative to the unstable
isomer. Separately, the influence of these media on the thermal isomerisation step is
described, from which a maximum for the actual power output of a molecular motor
is obtained. Finally, chapter 6 deals with the design and synthesis of systems that
should be capable of controlled translational motion in two and three dimensions. A
molecular double motor that should be capable of light-activated translational motion
has been prepared, and analysed by solution-phase conventional techniques and by
single-molecule spectroscopy using a widefield fluorescence microscope and STM
techniques.
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Chapter 2

Motor functionality at ultrafast
timescales
The rate limiting step for motor rotation is thermal helix inversion, the rate of which can
be controlled by several factors. In this chapter new molecular motors featuring
cyclopentylidene rotors are introduced. These display rates of thermal helix inversion of 107
s-1 and higher. By using a combination of cryogenic NMR, UV/Vis and CD-spectroscopy,
measurements on the thermal behaviour of the unstable isomers of these structures are
performed at temperatures as low as 81 K. Predictions of the behaviour at room
temperature are made by extrapolation of these data, and verified by transient differential
absorption spectroscopy. Perfect correspondence between data obtained at cryogenic and
ambient temperature is observed, indicating that motor functionality remains intact over a
temperature range of at least 300 K. Furthermore, it is shown that structures with rates for
thermal helix inversion faster than observable by cryogenic techniques nevertheless display
all characteristics necessary for motor function.

Parts of this chapter have been published:
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Chapter 2

2.1 Introduction
Despite the potential of molecular nanotechnology drawing scientists toward
considering combinations of practical science, theoretical prospects and science
fiction, 1 at this moment no artificial form of technology on a molecular scale exists.
Tentative first steps have been taken with the development of molecules that allow for
control over molecular motion, as was described in chapter 1. As technology requires
control over motion, such structures are essential for the development of nanoscale
molecular devices. Controlled repetitive rotation of one half of the molecule relative to
the other using light as a fuel represents a good possibility in extending the control
over internal motion of a molecule toward control over translational motion. For this
to happen, the motion must be able to result in some form of useful work in its
environment. Random Brownian motion presents a threat to the directional nature of
the forces responsible for this work. To overcome this issue, several possibilities hold
promise of success, for instance connection of a number of these structures together to
cancel out the random effect of two halves rotating relative to each other but without
directionality with respect to the environment, or alternatively to avoid one or more
degrees of translational freedom by some form of connection to a track or surface. But
even in the presence of such approaches, techniques that allow for functional work to
be delivered in a Brownian environment face great challenges to function properly.
Brownian motion dominates at the molecular level. 2 It is assumed in this
thesis that in order to get to some form of applicable molecular technology in the
future, ultra-high vacuum and low temperatures do not represent practical conditions
for such devices to function. Ambient temperatures in air or solution represent far
more attractive possibilities for the potential of a new form of technology. As a result
there are two options: either one uses Brownian motion, or one (partly) circumvents
it. 3 Exemplified by natural proteins that perform work in a highly Brownian
environment, 4 most attention has been directed toward using Brownian motion to our
benefit. Several sophisticated theories have been developed that describe mechanisms
for creating a directed form of energy from random thermal fluctuations (chapter 1). 5
However, it is imaginable to try and overcome Brownian motion, by realising
controlled unidirectional intramolecular motion at a timescale faster than random
translational motion takes place. The driving force for the production of work, i.e. the
process of reaching the overall lowest energy (chapter 1), is completely dependent on
Brownian motion. Therefore motor rotation can never be faster than the limit set by
intramolecular motion. However, translational motion, even on a small timescale, is
slower than intramolecular vibrations, 6 and as such it is conceivable that a maximised
rotation rate might influence translational properties of the molecule, delivering work
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despite the presence of huge randomising forces. Thermal random motion would not
be absent in this case, and such an approach would require sufficient directional power
to counteract the randomising effect of Brownian motion, and be left with enough to
use for its own directed motion under the severe conditions encountered on a surface
or in solution at ambient temperature. This seems challenging to achieve; it is known
that a typical protein (ATP-ase) has a maximum possible power output of 10-16 – 10-17
W, whilst the ‘power’ experienced by the random motion of the water molecules
amounts to 10-8 W at room temperature! 7 Yet this protein is able to perform work
under these conditions. However, as natural systems are developed effectively by a
combination of chance and natural selection, i.e. optimised by random alternations of
components until a well functioning system has been obtained, we have no way of
knowing whether this is the limit of what is achievable. As diffusion of molecules
occurs over a 10-6 - 10-10 s time scale,6 the first goal for achieving controlled molecular
motion by a defeat of Brownian motion is to identify a motor structure that is capable
of rotation at and beyond these timescales.
This chapter covers two goals:




Increase the maximum rotation rate of motor molecules as far as
possible, providing rates capable of competing with Brownian
motion.
Examine if a breakdown of motor functionality occurs at very high
rates of thermal helix inversion.

X
dx

dy

Y
Figure 1: General structure of 2nd generation molecular motors.

As described in Chapter 1, the rotation speed of a motor is determined for a
large part by the size of the bridging atom X in the upper half (Figure 1). The smaller
this atom, the smaller the steric hindrance in the fjord region, and the easier the rotor
passes the stator in the rate determining step of helix inversion. For this reason,
complete removal of this atom resulting in cyclopentylidene upper halves should give
rise to increased rates of rotation. The synthetic approach toward such structures has
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Figure 2: Rotation cycle and potential energy profile of 2nd generation molecular motors.

already been described, 8 but short-lived higher-energy intermediates were not
identified. As a result it could not be determined whether these compounds display
unidirectional rotation, though if they do, it is clear that the rate determining thermal
helix inversion step will be much faster than observed so far.
Currently, the determination of the rotation rate of molecular motors involves
cooling a sample solution to a temperature where the higher-energy intermediate can
be observed, after which irradiation at a suitable wavelength results in the
establishment of a photostationary state (PSS). The rate of conversion to the lowestenergy isomer can be monitored using UV/Vis, CD or 1H NMR spectroscopy.
Repeating this at several temperatures allows for Eyring and/or Arrhenius plots to be
constructed, providing the activation parameters of that specific motor (Figure 2).
Comparing different motors requires that the standard Gibbs energy of activation
Δ‡Gº1 is determined at 20.0 ºC by extrapolation of the measured rate constants to the
rate at room temperature kΔº. The half-life time
t1/2º = ln(2)/kΔº

1

for the process of thermal helix inversion at that temperature can be calculated on this
basis as well. As the thermal helix inversion step is the rate determining step in the
rotation cycle, we can define the maximum rotation rate at room temperature by
ωº = ½kΔº
given infinite photon flux, i.e. a thermally rate limited system (see chapter 4).
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Two approaches can be followed: activation parameters Δ‡Hº and Δ‡Sº can be
obtained from the slope and intercept of a plot of ln(kh/kBT) vs T-1, and from these
the barrier to thermal helix inversion Δ‡Gº1 can be obtained from the relation
Δ‡Gº1 = Δ‡Hº1 –TΔ‡Sº

3

(Eyring method). A second approach involves plotting ln(k) vs T-1, from which the
(temperature-independent) activation energy Ea can be obtained from the slope, and
the pre-exponential factor A from the intercept (Arrhenius method). In the latter case,
Δ‡Gº1 is obtained by direct extrapolation of ln(k) to room temperature, and
subsequently
Δ‡Gº1 = -RTln(kΔºh/kBT)

4

Though the approaches are similar and should give the same result, the
resulting Δ‡Gº1 values from both approaches are generally different due to the
differences in mathematical manipulation. For standardisation in this chapter,
extrapolation is always performed directly on ln(k) from an Arrhenius plot, and Δ‡Gº1
obtained by this method is that which is reported. Δ‡Hº1 and Δ‡Sº1 are obtained from
an Eyring plot, and Δ‡Gº1 obtained from these values is used to verify the value
obtained by extrapolation of ln(k) with the Arrhenius method. With this method, the
chance for errors in the calculation is minimised as two approaches are taken.
In some cases, thermal cis-trans isomerisation has been observed as an
additional process. It involves an activated crossing of higher energy than Δ‡Gº1 of the
stable isomer over the barrier Δ‡Gº2 (Figure 2). Although this process makes isolation
of pure isomers difficult, it should be stressed that such a process in no way interferes
with the unidirectionality of the photochemical – thermal cycle. Because the barrier to
thermal cis-trans isomerisation is much higher than the barrier to thermal helix
inversion, as will be shown in this chapter, the process of thermal helix inversion
occurs on timescales orders of magnitude faster than the thermal cis-trans
isomerisation process. As a result, rates for thermal helix inversion are unaffected by
the slower process of thermal cis-trans isomerisation, and neither is the photoninduced rotary behaviour.
The compounds studied in this chapter are depicted in Figure 3. The
common feature is the cyclopentylidene rotor, with a methyl substituent at the
stereogenic centre. In one instance, a t-butyl substituent replaces the methyl group, as
it was found previously that an increased size of this substituent destabilises the
ground state unstable form more than the stable form or transition state (chapter 1). 9
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Figure 3: Structures of molecular motors with cyclopentylidene rotor parts described in this
chapter. Compounds 1, 5, 6, 7 and 9 have been synthesised before; the others were prepared
following a similar procedure.8

The barrier of activation is then relatively lower, which leads to an increase in the rate
of thermal helix inversion.
The stators used display a variance in the central bridging group Y, for which
the relation with the rate of thermal helix inversion has not been established thus far
(see chapter 3 for a discussion pertaining 5, 6 and 7-ring stators). It is not clear how
the identity of the atom Y, and the associated distance dy between the two stator
phenyl rings, influences the rate of thermal helix inversion. Possibly conformational
flexibility, rather than the distance dy, plays an important role here (chapter 3).

2.2 Suberene stator
2.2.1 UV/Vis-spectroscopy
In a first approach to investigate cyclopentylidene functionalised molecular
motors, compound 1 featuring a dibenzosuberene stator was prepared. It was
anticipated that application of this lower half would induce enough steric hindrance in
the fjord region to allow for a thermal helix inversion process at a measurable rate
under accessible, ambient conditions. Indeed, irradiation of 1 with UV-light (312 nm)
in hexane solution at 260 K resulted in a unimolecular conversion to a different
isomer, as indicated by the isosbestic points observed by UV/Vis-spectroscopic
measurements on a solution of 1 (Figure 4b). Heating of the solution and subsequent
cooling resulted in a restoration of the original UV/Vis-spectrum, indicating thermal
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Figure 4: a) UV/Vis spectral change of 1 upon irradiation (312 nm) in hexane at 260 K. Inset:
300 – 350 nm. b) UV/Vis difference spectra for the same process.

conversion of the isomer prepared by irradiation back to the original isomer. The
difference in UV/Vis-absorption between both isomers is small, which complicates the
experiment. Reasonable kinetic traces could be obtained by taking the sample solution
to be the blank, and record the change in absorption as a UV/Vis-difference spectrum
between the stable form 1 and the photoequilibrated mixture of 1 and the higher
energy isomer resulting from irradiation of the original solution. A spectrum of the
photostationary state was obtained by addition of the UV/Vis-difference spectrum at
the PSS to the UV/Vis spectrum of the stable form.
With a means to observe the process of thermal recovery to the most stable
isomer of 1 established, the procedure was repeated at several temperatures in the
range of 280 – 295 K while monitoring the change in UV/Vis-absorption in time. A
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Figure 5: Kinetic analysis of motor 1 by UV/Vis-spectroscopy in n-hexane (left), and Arrhenius
plot for the same process (right).
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bandpass filter was mounted on the exit of the UV-beam to prevent excess light from
inducing photochemistry while measuring the thermal process, thus providing more
reliable data. The availability of appropriate bandpass filters limited the choice of a
suitable wavelength to follow the decay process, and the wavelength that was chosen
was therefore 334 nm, although the 348 band would have been preferable. First-order
exponential decay fits were used to extract rate constants, which were used in the
construction of Arrhenius and Eyring plots. From this it was found that the enthalpy
of activation Δ‡Hº1 for the thermal process is 63.5 kJ mol-1, and the entropy of
activation Δ‡Sº1 is -68 J mol-1 K-1. The Gibbs energy of activation was determined by
intrapolation of the Arrhenius plot to 20.0 ºC (293.15 K), and is found to be 83.5 kJ
mol-1 (kΔº = 7.9×10-3, t1/2º = 88 s).
To gain insight into the unidirectionality of the rotation process compounds 2
were prepared by adaptation of known methods 10 to prepare the dimethoxy
substituted stator, which was subsequently coupled to the rotor by standard reversed
Barton Kellogg methods.8 Then, the difference between the pathway stable cis-2 →
unstable trans-2 → stable trans-2 and the pathway stable trans-2 → unstable cis-2 →
stable cis-2 needs to be established in order to demonstrate unequivocally the
unidirectionality of rotation. This is done most conveniently by comparing the
thermal pathways unstable trans-2 → stable trans-2 and unstable cis-2 → stable cis-2.
A sample solution of cis-2 in toluene was irradiated using 312 nm light at -20
ºC (Figure 6). The mixture reached photoequilibrium in approximately 20 min.
Heating the solution and subsequent cooling resulted in a small change in the UV/Vis
spectrum, attributed to the difference in absorbance between cis-2 and trans-2. In a
similar experiment, trans-2 was irradiated using 312 nm light to result in a photoequilibrium within about 3 h. The time for trans-2 to reach photoequilibrium was
much longer than the time cis-2 required, reflecting less efficient photochemistry for
the trans to cis pathway than for the cis to trans pathway. Moreover, the difference
between the spectrum resulting from irradiation of trans-2 followed by heating with
the spectrum of cis-2 indicates that photochemistry in general is not very efficient, and
mixtures composed of predominantly the starting isomer are obtained. This can be
seen from the lower absorbance of cis-2 relative to trans-2. Cis-2, upon irradiation and
subsequent heating, does not increase visibly in absorbance, although for trans-2, a
small decrease in absorbance can be observed after irradiation and heating. The
changes in UV/Vis-absorbance upon irradiation are in accordance with unidirectional
rotation behaviour, as opposite behaviour is seen for the change in absorbance upon
irradiation starting from cis-2 or trans-2. Irradiation of cis-2 results in a minimum at
354 nm in the PSS, whereas this minimum is absent upon irradiation of trans-2.
Instead, irradiation of trans-2 results in a small increase in absorbance at 369 nm.
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Figure 6: UV/Vis spectra and UV/Vis difference spectra upon irradiation (312 nm) and
thermal conversion of cis-2 (left) and trans-2 (right) in toluene.

Analysis of the rate of thermal helix inversion in the temperature range -18 ºC
– 0 ºC resulted in the activation parameters for the process of unstable cis-2 to stable
cis-2 and unstable trans-2 to stable trans-2 conversion (Figure 7, Δ‡Gº1 = 80.9, 79.6 kJ
mol-1, Δ‡Hº1 = 76.7, 76.6 kJ mol-1, Δ‡Sº1 = -15, -10 J mol-1 K-1, respectively). This
corresponds to extrapolated half life times at room temperature of t1/2º = 30 s (kΔº =
2.3×10-2 s-1) for unstable cis-2 to stable cis-2 conversion, and t1/2º = 17 s (kΔº =
4.0×10-2 s-1) for unstable trans-2 to stable trans-2 conversion. From these data, it can
be seen that the helix inversion for cis-2 is slower than for trans-2, and that is caused
completely by an entropy effect, as the enthalpy of activation is equal for both
isomerisations. Likely this is caused by a lower conformational freedom of the
methoxy substituent in cis-2 relative to trans-2.
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Figure 7: Thermal isomerisation for unstable cis-2 to stable cis-2 (left), and Arrhenius plots for
unstable trans-2 to stable trans-2 and unstable cis-2 to stable cis-2 (right).
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2.2.2 NMR-spectroscopy
For motors displaying rates of thermal helix inversion that are slow enough to
be studied by 1H NMR experiments, the rotation cycle can be studied in more detail.
Irradiation of cis-2 (shift for the methyl doublet at the stereogenic centre, Me-d δMe-d =
0.81 ppm, Figure 8A) at -45 ºC for 1 h resulted in a mixture in which two new
isomers appeared: one isomer displayed δMe-d = 1.19 ppm, the other δMe-d = 0.89 ppm
(Figure 8C). The ratio at the photostationary state (PSS) was stable cis-2 : unstable
trans-2 : stable trans-2 = 77% : 9% : 14%. Heating of the solution by exposing the
sample to room temperature for 1 min converted the signal at δMe-d = 1.19 ppm at
least partly into the signal at δMe-d = 0.89 ppm (ratio 85% : 0% : 15%, Figure 8D).
Accurate integral values, especially for δMe-d = 0.89 ppm, are difficult to obtain due to
the small impurity at δ 0.8 – 0.9 ppm. However, from these data the peak at δMe-d =
1.19 ppm is assigned the unstable trans-2, and the peak at δMe-d = 0.89 ppm as stable
trans-2. A low conversion of stable cis-2 to unstable trans-2 is clearly visible, as is
conversion of unstable trans-2 to stable trans-2. Conversion to stable trans-2 is
observed already during irradiation, which may (partly) be due to thermal conversion
of unstable trans-2 to stable trans-2 during the time required to transfer the sample
solution from the irradiation setup to the measurement probe.
Similarly, trans-2 (δMe-d = 0.89, Figure 9A) was irradiated at -45 ºC in PhMed8 to reach a PSS consisting of approximately 2% unstable cis-2 (δMe-d = 1.17 ppm,
Figure 9C). Apart from conversion to unstable cis-2, 6 % of stable cis-2 (δMe-d = 0.81
ppm) appeared during irradiation. This might be explained by partial thermal
conversion of unstable cis-2 to stable cis-2 during the time required to transfer the
sample solution between both setups. Exposure to ambient temperature for
approximately 1 min converted unstable cis-2 to stable cis-2 (ratio stable trans-2 :
stable cis-2 = 91% : 9%, Figure 9D). The intermediate in conversion of trans-2 to cis2 is different from the intermediate in the conversion from cis-2 to trans-2 (δ(Meeqtrans)
= 1.19 ppm, δ(Meeqcis) = 1.17 ppm).
Photochemical conversion to other isomers than present in the bimolecular
equilibrium between stable and unstable forms has been observed before. 11 Although
the resolution of these experiments is low due to the abnormally low conversion, it
seems on this basis that photochemical conversion to other isomers cannot be
completely excluded. However, thermal conversion of the photochemically generated
cis-trans isomerised unstable isomer to the corresponding stable isomer (i.e. stable cis-2
→ unstable trans-2 → stable trans-2 and stable trans-2 → unstable cis-2 → stable cis2) occurs. In combination with the data obtained by UV/Vis-experiments it is clear
that though not too efficient, this compound displays unidirectional rotation upon
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irradiation. Photochemical conversion is low for both cis-2 and trans-2, but especially
so for the trans-2 isomer, which also agrees with the UV/Vis spectroscopic
experiments.

Figure 8: Irradiation of cis-2 and thermal conversion to trans-2 in toluene-d8 at -45 ºC. Inset:
Characteristic signals for the methyl group at the stereogenic centre.
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Figure 9: Irradiation of trans-2 and thermal conversion to cis-2 in toluene-d8 at -45 ºC. Inset:
Characteristic signals for the methyl group at the stereogenic centre.
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2.3 Suberane stator
Despite the challenges associated with the related unsaturated equivalent of 1,
compound 3 featuring a suberane stator was prepared, as it was anticipated that the
increased flexibility of this stator would result in a decrease in steric hindrance in the
fjord region, which should result in an increase in the rate of the rate determining step
of the rotation cycle.
2.3.1 UV/Vis spectroscopy
Using a cryostat positioned inside a UV/Vis spectrophotometer, an isopentane
solution of 3 was cooled to 150 K. A blank was taken, and subsequent irradiation at
312 nm resulted in a small change in the UV/Vis absorption (Figure 10). Heating the
solution and subsequent cooling resulted in a restoration of the original spectrum,
indicative of a thermal return to the stable form. The change in UV/Vis-absorbance
on going from the stable form to the photostationary state is much smaller than in the
case of 1. However, by recording 3 – 5 thermal conversions of unstable 3 to stable 3 in
time at several temperatures and taking the average of the extracted rate constants it
proved possible to obtain reproducible results.
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Figure 10: Change in the UV/Vis absorption spectrum of 3 upon irradiation in isopentane to
photochemical equilibrium. Left UV/Vis spectrum of stable form and the photostationary
state, right the UV/Vis difference spectra.

Rate determinations of the thermal process in the temperature range of 175 –
190 K resulted in an Eyring plot, that provided activation parameters for this step:
Δ‡Hº = 44.8 kJ mol-1 and Δ‡Sº = -44 J mol-1 K-1. Extrapolation of the rate constant kΔ
to 20.0 ºC from an Arrhenius plot (Figure 11) resulted in a rate kΔº = 293 s-1, which
corresponds a barrier of activation Δ‡Gº1 = 57.9 kJ mol-1 (t1/2º = 2.4 ms, isopentane).
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The UV/Vis spectroscopic experiments indicate that photochemical
conversion results in a short-lived unstable intermediate, that at temperatures above
190 K converts quickly to the original compound. Based on our knowledge of
molecular motors, it is assumed that this unstable intermediate is the product of
photochemical cis-trans isomerisation with inverted helicity, that has higher energy
than the original configuration. As thermal relaxation is rate-determining in the
rotation cycle, this means that the maximum rotation rate ωº is 147 Hz by
extrapolation of these data to 293 K (equation 2).
-4

ln(k)

-5

-6

-7

-8
5.2

5.3

5.4

5.5

5.6
-1

5.7

5.8

-1

1000*T [K ]

Figure 11: Arrhenius plot of 3 obtained by cryogenic UV/Vis-spectroscopy in isopentane.

2.3.2 Transient Absorption spectroscopy
Extrapolation over this large temperature range is an uncertain method for
obtaining data regarding room temperature behaviour. Not only is the introduction of
large errors unavoidable with long extrapolations over a logarithmic scale, neither is it
sure that the behaviour observed at low temperature can be taken to reflect the
behaviour at room temperature.
An alternative approach to studying the fast thermal isomerisation processes
induced by the photochemistry of these compounds is to use ns-pulsed laser transient
absorption (TA) spectroscopy. Though normally used for probing excited state
dynamics, using this technique for fast ground state processes is not unprecendented, 12
and it therefore seems a viable alternative for extended logarithmic extrapolations.
Physically, the method relies on recording changes in absorbance with high time
resolution, which allows for visualisation of processes at short time scales.
In collaboration with Dr Mary Pryce and ms. Nicola Boyle at Dublin City
University such a setup was used to gain further insight in the behaviour of this
compound. Using the 355 nm wavelength of a Nd:YAG laser in a Spectron Laser
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Systems SL801 transient absorption setup, a n-hexane solution of 3 (optical density
between 0.8 and 1.0) was subjected to a short laser pulse of 35 mJ, after which the
change in absorption was monitored with a system response time of 20 ns. As
photochemical cis-trans isomerisation occurs in at most several picoseconds, 13 the
formation of a significant amount of the unstable form from the excited state
population produced by the laser pulse is immediate on the timescale of measurement.
This makes it possible to follow the ground state thermal relaxation process by
monitoring the change in absorption at high time resolution.
When subjected to these experimental conditions, a transient absorption
spectrum obtained by monitoring the change in absorption in the wavelength range
450 – 300 nm in n-hexane (stepsize 10 nm) displayed a minimum at the same
wavelength as observed by cryogenic UV/Vis spectroscopic techniques, despite the
difference in solvent (Figure 12). This is in support of the appearance of the same
unstable intermediate upon irradiation at 150 K or 299 K.

Figure 12: Overlaid transient absorption (TA) spectrum (299 K, hexane) and UV/Visdifference spectrum (150 K, isopentane) of 3.

Furthermore, kinetic analysis of the thermal helix inversion in toluene at
several temperatures (21 ºC < T <36 ºC) resulted in an Arrhenius plot (Figure 13),
which by extrapolation to 20.0 ºC resulted in a barrier of activation Δ‡Gº1 of 57.1 kJ
mol-1 (kΔº = 488 s-1, t1/2º = 1.4 ms), in good correlation with the data obtained by
extrapolation of low temperature UV/Vis spectroscopic data (Δ‡Gº1 = 57.9 kJ mol-1,
t1/2º = 2.4 ms). The great similarity between both values indicates that the error in
these determinations is very small, given that the solvents are very similar and the
cryogenic determinations have been extrapolated extensively.
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Figure 13: Arrhenius plot of 3 obtained by TA spectroscopy in toluene.

To gain data on the unidirectionality of the behaviour of this compound,
methoxy-substituted derivatives 4 were prepared. Subjecting these structures to similar
experiments as described above should result in different thermal behaviour of the
unstable forms obtained by irradiation of cis-4 and trans-4. UV/Vis-spectra obtained
at room temperature in DCM indicated that although small, a distinct difference in
UV/Vis-absorption is observed for stable cis- and trans-4 (Figure 14).
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Figure 14: UV/Vis spectra of cis-4 and trans-4 in DCM at 20 ºC.

Unfortunately however, the small change in UV/Vis absorption upon
irradiation, in combination with the poor solubility of this compound in isopentane at
150 K did not result in sufficient resolution for the time-resolved UV/Visspectroscopy experiments on photoequilibrated mixtures of cis- and trans-4. For this
reason, an accurate rate for these processes could not be obtained, precluding the
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acquisition of evidence for the unidirectionality of the photochemical – thermal cycle
assumed for this structure.
Transient absorption kinetic analysis of cis- and trans-4 in toluene on the other
hand did result in clear evidence of the unidirectionality of the rotation-thermal
relaxation cycle. At 299 K, cis-4 was converted via a short-lived unstable intermediate
to a compound of higher molar absorptivity at 360 nm, i.e. trans-4 (kc-t = 399 ± 8 s-1,
t1/2 = 1.9 ms). Similarly, trans-4 was converted to cis-4 via a different intermediate at a
slower rate (kt-c = 378 ± 7 s-1, t1/2 = 1.7 ms, Figure 15). Interconversion of cis-4 and
trans-4 via two distinct pathways thus results in clear evidence for the unidirectionality
of rotation of structures 3 and 4, with a maximum rotation rate at room temperature
ωº of 244 Hz for 3 by this technique (equation 4).
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Figure 15: Transient Absorption (TA) kinetics (360 nm) of cis-4 and trans-4 in toluene.

2.3.3 NMR spectroscopy
To obtain experimental support for the model of a short-lived unstable form
with the methyl group oriented in an (pseudo)-equatorial orientation, 1H NMR
spectroscopy is the method of choice. However, obtaining 1H NMR spectra at low
temperature is challenging, and we did not succeed at our own laboratories because
irradiation inside the 1H NMR probe was not possible. Therefore, these experiments
were undertaken in collaboration with ms. Janet A. Welsh at the laboratories of prof.
S. B. Duckett and prof. R. N. Perutz of the University of York, where the equipment
allows for this type of experiments. The setup consists of a Bruker UltraShield 400
MHz spectrophotometer with a hole in the side of the probe through which a 325 nm
Kimmon HeCd laser beam (IK 3552 R-6) is directed by prisms onto the sample
solution at a power of 55 mW. Using this setup with a sample solution of trans-4 in
toluene-d8, irradiation at 183 K resulted in the formation of an unstable intermediate
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which displayed a shift of the methyl group at the stereogenic centre at approximately
1.3 ppm (Figure 16, x → #). During irradiation, another isomer appeared at
approximately 1.1 ppm (ο). Because shimming at this temperature is laborious due to
the hole in the probe and the increased viscosity of toluene, which is close to its
melting point, the spectra show low resolution. Attempts to improve this failed. From
previous work on molecular motors, the signal at δ = 1.3 ppm is assumed to represent
the unstable isomer(s) of 4, and the shoulder appearing at δ = 1.1 ppm is assumed to
stem from the stable isomer resulting from thermal conversion of the irradiation
product of trans-4, i.e. cis-4. The shift to higher field may be caused by the higher
shielding of the methyl group of 4 in an equatorial rather than axial orientation, as is
the usual case for molecular motors studied so far. 14
From the data obtained by cryogenic UV/Vis-spectroscopy, the half-life time
at this temperature can be calculated. This results in half-life times t1/2183K = 220 s and
t1/2195K = 34 s. In other words, with irradiation times amounting to hours, the rate of
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Figure 16: Irradiation of cis-4 in toluene-d8 at 183 K – 195 K.
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unstable to stable conversion cannot be neglected. This means that during irradiation,
unstable cis-4 resulting from irradiation of stable trans-4 is converted to stable cis-4. In
turn, stable cis-4 resulting from this process will undergo photochemical cis to trans
isomerisation, so that the resulting mixture after prolonged irradiation will consist of
all 4 isomers in the rotation cycle. A way to overcome this would be to decrease the
temperature even further, but attempts in that direction using deuterated
methylcyclohexane mixtures failed to result in conclusive data due to low resolution in
combination with an even lower solubility and an increased number of solvent peaks.
In this experiment, however, the choice was made to work with prolonged
irradiation times, despite the high reaction rates for thermal helix inversion at these
temperatures. When stable(s) and unstable(s) isomers were present in sufficient
amounts, an attempt to increase resolution by gradual heating to 198 K with constant
shimming resulted in the temporal appearance of a small methyl doublet at higher
field, indicative of a more shielded equatorial orientation of this group (Figure 17). At
one instant, a small shoulder is visible to the left of this absorption, that could be
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assumed to represent another doublet. Although resolution is too low to make definite
conclusions, these signals might represent the unstable cis- and trans-4 isomers. Within
minutes, or upon increasing the temperature, these signals vanish, and a partially trans
to cis isomerised mixture results. From this we conclude that stable trans-4, upon
irradiation, is converted to a thermally unstable form with the methyl in a more
shielded equatorial orientation, which at temperatures above 190 K is converted to
stable cis-4 at a considerable rate. Based on the TA experiments, it is expected that
conversion of cis-4 to trans-4 in this setup will proceed at an even higher rate. For this
reason, and due to time limitations on the availability of the instrument, this
experiment was not undertaken.

2.4 Xanthone stator
2.4.1 UV/Vis-spectroscopy
Determination of the rotation characteristics of 5 and the related compounds
cis-6 and trans-6 (Figure 3) required a somewhat different approach, as it is clear from
the above that 1H NMR methods to study the behaviour are not sufficient. For 5,
irradiation at 100 K in the organic glass isopentane : methylcyclohexane 3:1
(IPMCH31, chapter 5) 15 resulted in full conversion to a higher energy isomer, that by
heating of the solution to 150 K and subsequent cooling was fully converted back to
the original isomer (Figure 18).
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Figure 18: UV/Vis-spectra of changes upon irradiation and thermal conversion of 5 in organic
glass IPMCH31 at 100 K (left), and UV/Vis-difference spectra (right).

2.4.2 CD-spectroscopy
A sample solution of (2'S)-(M)-5 was dissolved in the organic glass forming
solvent mixture methylcyclohexane : methylcyclopentane = 1:1 (MCHMCHP11) at
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Figure 19: CD-spectra of the stable isomer (2'S)-(M)-5 and the isomer mixture at the PSS in
organic glass MCHMCP11 at 100 K (left) and in isopentane at 115 K (right).

110 K to record CD-spectra of the stable isomer and subsequently that of the photoequilibrated mixture upon irradiation with 365 nm light. (Figure 19).
Heating of the solution and subsequent cooling restored the original CDsignal, as anticipated. This experiment was repeated in isopentane solution at 115 K.
Though photostationary states are much less favourable in this solvent (chapter 5), the
change was sufficient to determine rates of the thermal process in the temperature
range 125 – 135 K (Figure 20). Analysis of the rates of thermal helix inversion in
isopentane resulted in an activation barrier Δ‡Gº1 of 41.0 kJ mol-1 at 20 ºC by
extrapolation (Δ‡Hº1 = 37.1 kJ mol-1, Δ‡Sº1 = -11 J mol-1 K-1, kΔº = 3.0×105 s-1). From
these data, the half life at room temperature t1/2º was determined to be 2.3 μs.
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Figure 20: Thermal conversion of unstable (2'S)-(P)-5 to stable (2'S)-(M)-5 in the temperature
range 125 – 135 K using CD-spectroscopy in isopentane (left), and Arrhenius plot based on
these data (right).
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2.4.3 Transient Absorption spectroscopy
To verify this extrapolation, 5 was subjected to the same experimental TA
conditions as described for 3 and 4. The TA spectrum obtained at 26 ºC in n-hexane
(stepsize 5 nm, 1 μs delay) is in excellent agreement with the difference spectrum
between the stable form and its PSS obtained at 100 K in IPMCH31 (Figure 21).
Temperature-controlled determinations of the decay rate of the thermally unstable
isomer of 5 in the range of 21 ºC – 41 ºC resulted in an Arrhenius plot, which by
extrapolation to 20 ºC gave a rate constant kΔº of 2.5×105 s-1 (Δ‡Gº1 = 41.5 kJ mol-1,
t1/2º = 2.8 μs, n-hexane). This is in excellent agreement with the values obtained by
extrapolation of low temperature data (Δ‡Gº1 = 41.0 kJ mol-1, t1/2º = 2.3 μs), which
tells us that this structure displays the same photochemical – thermal cycle over a wide
temperature range.
13.4

0.30
1 μs
2 μs
3 μs
4 μs
5 μs

0.20

13.0
ln(k)

ΔA

0.10

13.2

0.00
7 μs
10 μs
18 μs
UV-difference
(normalised)

-0.10
-0.20
300

350

400

450
λ [nm]

500

550

600

12.8
12.6
12.4
3.15

3.20

3.25

3.30
-1

3.35

3.40

3.45

-1

1000*T [K ]

Figure 21: Overlaid TA spectra (hexane, 299 K) and UV/Vis-difference spectrum (IPMCH31,
100 K) of 5 (left) and Arrhenius plot based on TA data at different temperatures (right).

Fast thermal isomerisation of compound 6 precluded isolation of the isomers.
By comparison with compounds 8 (vide infra) cis- and trans-6 were assigned on the
basis of the 1H NMR absorption of the methoxy groups, which is justifiable by the
similarity in structure. The thermal equilibrium position was determined by
integration to be approximately 55/45 in favour of cis-6 at room temperature. By fast
flash column chromatography using n-pentane/DCM = 4/1 over silica gel the first
fraction that came off the column was evaporated quickly at 0 °C under high vacuum,
resulting in an enriched isomeric mixture. A solution of this isomer mixture, taken to
be enriched in trans-6, was dissolved in toluene-d8, which by 1H NMR spectroscopy
allowed for determination of the rate of thermal trans → cis and cis → trans
isomerisation at 293 K (Figure 22). Half-life times t1/2º = 2.6 h (kº = 7.4×10-5 s-1) for
thermal trans to cis conversion and t1/2º = 2.9 h (kº = 6.6×10-5 s-1 for thermal cis to
trans conversion were obtained. Such rates of interconversion of cis– and trans-6
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Figure 22: Thermal interconversion of a mixture of cis- and trans-6 enriched in trans-6 in
toluene-d8.

suggest that further attempts toward obtaining pure isomers are futile; for this reason
further experiments were performed using a thermally equilibrated mixture of the two
isomers cis– and trans-6.
Analysis of the ns-TA decay kinetics of a thermally equilibrated mixture of
cis/trans-6 in n-hexane at 26 ºC showed that the rate of the thermal helix inversion
process that follows the photochemistry is on a μs timescale and hence the thermal cistrans isomerisation process can be neglected in the TA kinetic analysis. The
biexponential character of the decay kinetics (k1 = 1.26(2)×105 s-1 and k2 = 8.9(1) ×104
s-1) indicates that the relaxation from cis-unstable 6 to cis-stable 6 and trans-unstable 6
to trans-stable 6 display different thermal activation barriers. Although the rate
constants cannot be assigned unambiguously to the two processes of cis to trans and
trans to cis conversion, the results are in support of unidirectional rotation (Figure 23).
With these results, we have shown that 5, under suitable irradiation conditions, is in
principle capable of unidirectional rotation in solution at 1.25×105 Hz.
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Figure 23: Analysis of the TA decay kinetics of a 55/45 cis-6/trans-6 mixture at 26 ºC in nhexane.
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2.4.4 Probing the photochemical step
A different series of photochemical experiments was performed in
collaboration with Ramunas Augulis and Paul van Loosdrecht of the Zernike Institute
of Advanced Materials of the University of Groningen. The thermally activated helix
inversion of 5 was investigated on a μs timescale using the TA setup described above.
In the previous experiments (vide supra), the photochemical processes were neglected
in the analysis as experiments on cis – trans isomerisation of stilbenes indicated these
to be on a ps timescale. In the current setup, the photochemical isomerisation of 5 was
monitored using an optical setup with a time resolution of approximately 150 fs,
thereby probing the photochemical process and checking the validity of these
assumptions. The longest timescale observable amounts to approximately 800 ps, so
that in these experiments the thermal helix inversion (t1/2 = 2.3 μs) can be ignored.
Use was made of 100 fs laser pulses from a Ti:sapphire laser, which were split using
non-collinearly optical parametric amplifiers (NOPAs) tuneable in the region of 490 –
800 nm. Frequency doubling using a BBO crystal results in a system capable of
tuneable excitation in the UV-range (245 – 400 nm); in addition a white-light
continuum (350 – 850 nm) was generated in a 5 bar Xe-cell, and used to record full
spectra. Excitation pulses were attenuated to a degree at which double-photon
absorption events are negligible (~10 nJ, one photon per 50 molecules), and
experiments were performed at 293 K in n-hexane solution. Photochemical
degradation was not observed during the experiments.
The stable form of 5 was excited with 360 nm light. Following the transient
absorption at the absorption maximum of the unstable form (450 nm) indicated that
all processes occurred within the first 50 ps, meaning that thermal relaxation of the
excited state to the unstable form has been completed. The thermal unstable to stable
transition cannot be seen at this timescale, explaining the shift in baseline (Figure 24b
and c). Using white light, a spectrum of the thermally relaxed species was recorded at
50 ps delay in the range of 320 – 520 nm (Figure 24a). It is similar to the UV/Vis
difference spectrum of the unstable form recorded at 100 K (Figure 18) and to the
TA-spectrum recorded at 1 μs delay (Figure 21), indicative of the same species being
observed. To study the process in more detail, the photoisomerisation was monitored
with probe wavelengths of 375 and 450 nm. The results indicate a two-step process
(Figure 24b, c). The first process has a lifetime of 2 ps and displays increasing
absorption at 450 nm at decreasing absorption at 375 nm; the second process has a
lifetime of 16 ps and displays decreasing absorption at 450 nm and increasing
absorption at 375 nm.
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Figure 24: Transient absorption processes of 5 in n-hexane at various probe wavelengths (λexc =
360 nm).

At wavelengths above 550 nm neither the stable form nor the unstable form
displays absorption. The excited state however does display absorption in this region,
as can be seen from the experiments using 590 and 800 nm probe wavelengths. This
allows for specific monitoring of the excited state. At 590 nm, absorption appears
instantaneously on the timescale of measurement, but continues to grow with a
lifetime of 2 ps. A second process of decreasing absorption with a lifetime of 12 ps
follows the first; after 50 ps, the absorption is back at 0, indicative of complete
thermal relaxation of the excited state. At 800 nm, only one process is observed; upon
excitation instantaneous absorption appears, which decays to 0 with a lifetime of 2 ps.
As 5 displays fluorescence with λmax = 500 nm (chapter 5), probing at 520 nm might
give insight in the fluorescence dynamics by means of stimulated emission. Though
stimulated emission is observed as a negative absorption in Figure 24f, it is obscured
by absorption processes of much higher intensity. The lifetimes of the absorbing
species are equal to the other absorbing species observed, i.e. 2 and 16 ps.
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The results present experimental data on the shape of the potential energy
surface of the excited state (Figure 25). Excitation of 5 to the lowest energy excited
state (S0 – S1 absorption band around 360 nm) results in an excited state that relaxes
to a local minimum on the S1 surface (state 2). A small barrier separates this local
minimum from a second local minimum; crossing of this barrier takes approximately
1.7 ps. Although the position of the photoequilibrium at low temperature lies far to
the side of the stable form (chapter 5), these data taken at room temperature indicate
that the second local minimum 3 is lower in energy. This can be seen from the
disappearance of S1 absorption at 800 nm after thermal relaxation to state 3, whereas
S1 absorption at 590 nm is still observed. From state 3, thermal relaxation to the
unstable form local minimum on the S0 surface has a lifetime of 16 ps, as is observed
from the lifetime of formation of the unstable form at 450 nm. The decay of the
excited state at 590 nm has a lifetime of 12 ps, so that the ground state relaxation to
the local minimum at state 4 is estimated to take 4 ps. After relaxation to state 4, the
thermal transition to the stable form state 1' takes place on a μs timescale, which is not
observed in this setup. No other minima are observed for this structure, and transition
to triplet states is unlikely under these conditions, as the lifetime of the excited state is
less than 20 ps. Assuming that the only relaxation pathways available for 5 in the
lowest exited state are relaxation from state 2 to state 1 and relaxation from state 3 to
state 4, then the quantum yield of isomerisation can be estimated to be around 85 %
by the ratio of lifetimes. In such an estimation, the relaxation time for conversion of
state 2 to state 1 is assumed to be equal to the conversion of state 3 to state 4.

Figure 25: Schematic representation of the potential energy surface of 5. Thin dashed arrows
indicate the transitions probed, with the probe wavelength indicated in italics. Thick arrows
represent the rotation pathway, with the relaxation times indicated.
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2.5 Thioxanthone stator
2.5.1 UV/Vis-spectroscopy
In the organic glass forming solvent system methylcyclohexane :
methylcyclopentane = 1 : 1, compound 7 was held in a cryostat in a UV/Vis
spectrophotometer, and the UV/Vis spectrum recorded at room temperature.
Subsequently, the solution was cooled to 98 K, and the glass was allowed to stabilize
for at least 90 min. As described in chapter 5, application of an organic glass results in
a shift of the photoequilibrium in the direction of more higher-energy intermediates,
and at the same time increases thermal stability by mechanical forces of the viscous
medium. A blank was taken, and the mixture was irradiated using 365 nm light. The
change in UV/Vis-absorption indicated the conversion to a different isomer. Heating
the solution and subsequent cooling resulted in a restoration of the original UV/Visspectrum (Figure 26), indicative of the anticipated photochemical – thermal cycle.
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Figure 26: UV/Vis-spectrum of 7 and the spectrum of the photo-equilibrated mixture in
methylcyclohexane : methylcyclopentane = 1 : 1 at 293 K calculated by addition of the UV/Vis
difference spectrum to the spectrum of the stable form (left), and the UV/Vis-difference spectra
of irradiation with 365 nm light of the same sample at 98 K (right).

2.5.2 CD-spectroscopy
For rate determinations, propane is the only low-viscosity solvent available in
the temperature range where unstable (2'R)-(M)-7 is (relatively) stable. Therefore,
propane solutions of stable (2'R)-(P)-7 were cooled to 85 – 92.5 K and irradiated to
give photo-equilibrated mixtures (Figure 27).
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Figure 27: CD-spectra of stable (2'R)-(P)-7 and the spectrum of the mixture at the PSS
resulting from irradiation (365 nm) in liquid propane at 85 K.

The thermal conversion to stable (2'R)-(P)-7 was followed in time and rate
constants fitted to result in Eyring and Arrhenius plots (Figure 28). Analysis of the
data resulted in activation parameters for this process: Δ‡Gº1 = 35.8 kJ mol-1, Δ‡Hº1 =
21.3 kJ mol-1, Δ‡Sº1 = -45 J mol-1 K-1. From this analysis, it becomes clear by
extrapolation that unstable (2'R)-(M)-7 resulting from irradiation of stable (2'R)-(P)-7
converts to the stable isomer with an extrapolated half life time of 268 ns at 20ºC (kΔº
= 2.6×106 s-1).
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Figure 28: Thermal conversion of (2'R)-(M)-7 to (2'R)-(P)-7 in liquid propane (left) and
Arrhenius plot for the same process (right).

2.5.3 Transient Absorption spectroscopy
As has been noted before, such extreme extrapolations cannot be taken to
reflect the behaviour at ambient temperature without some rigorous checking. For this
reason, 7 was subjected to the same experimental setup as described above for 3 - 5.
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Despite extensive efforts to obtain a transient signal in n-hexane and toluene, a TA
signal could not be obtained. In CH2Cl2 however, a transient signal could be observed,
although it was just within the temporal resolution and is subject to significant
uncertainty as a result. Recording of a spectrum in this solvent (stepsize 10 nm) was
performed at 26 ºC, and the result displayed good agreement with the UV/Visdifference spectrum obtained in the organic glass methylcyclohexane :
methylcyclopentane = 1 : 1 at 98 K (Figure 29). Analysis of the decay rate of the
transient species in the temperature range 4 ºC – 25 ºC allowed for activation
parameters for this process to be determined: Δ‡Gº1 = 33.5 kJ mol-1, Δ‡Hº1 = 23.6 kJ
mol-1, Δ‡Sº1 = -34 J mol-1 K-1. This corresponds to a half life time for the conversion of
photo-induced unstable 7 to stable 7 of 107 ns (kΔº = 6.5×106 s-1), which corresponds
well with the value obtained by extrapolation of low temperature data (268 ns).
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Figure 29: Overlaid TA spectrum (CH2Cl2, 299 K) and UV/Vis-difference spectrum
(methylcyclohexane : methylcyclopentane = 1 : 1, 98 K) of 7 (left) and Arrhenius plot based on
TA data at different temperatures (right).

The timescale of thermal (non-photo-induced) cis/trans isomerisation of
compounds 8 was sufficient to allow for isolation of both the cis-8 and trans-8 isomers
by flash column chromatography and cold solvent evaporation, followed by lowtemperature crystallization. The equilibrium position was determined to 58 : 42 in
favour of cis-8 at room temperature. The barriers to thermal cis-trans isomerisation
Δ‡Gº2 were determined by 1H NMR in toluene-d8 to be 107.7 kJ mol-1 for cis-8 to
trans-8 and 106.9 kJ mol-1 for trans-8 to cis-8 conversion, corresponding to t1/2 (20 ºC)
= 20 d and 14.8 d, respectively (Figure 30).
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Figure 30: Thermal isomerisation of cis-8 to trans-8 in toluene-d8 at different temperatures
(left) and Arrhenius plot based on the same data (right).

As in the case of 4, the low solubility of the methoxy-substituted isomers 8 at
T < 120 K prevented analysis of the unidirectionality of the process by cryogenic
techniques. TA spectroscopy in the temperature range of 4 – 21 ºC allowed the
activation energy of conversion of unstable cis-8 to stable cis-8 and unstable trans-8 to
stable trans-8 to be determined in CH2Cl2 (Ea = 21.0 ± 0.8 kJ mol-1 and 10.8 ± 0.8 kJ
mol-1, respectively). The activation energies are sufficiently different to conclude that
cis-8, when converted photochemically to unstable trans-8, converts to stable trans-8
by a different pathway than the pathway followed when converting stable trans-8 to
stable cis-8 via unstable cis-8, reflecting the unidirectionality of the process (Figure
31). The maximum rate of rotation ωº of 7 is therefore 3.3 MHz (equation 2).
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Figure 31: Arrhenius plots for the conversion of unstable cis-8 to stable cis-8 and unstable
trans-8 to stable trans-8 in CH2Cl2.
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2.6 9,9-dimethyldihydroanthracene stator
2.6.1 UV/Vis-spectroscopy
Using the organic glass methylcyclohexane : methylcyclopentane = 1 : 1 at 100
K extra mechanical stabilisation of the unstable form can be expected, as well as a
potential beneficial effect on the position of the photoequilibrium (Chapter 5). For
this reason, UV/Vis spectroscopic experiments were undertaken in this medium for 9.
Irradiation with 365 nm light resulted in a small change in the UV/Vis-absorbance
(Figure 32). In contrast to other compounds in this medium, the absorbance was not
stable after terminating irradiation; a thermal relaxation of about 5 min was visible,
after which the absorbance remained stable on the timescale of the measurement.
Heating the solution and subsequent cooling resulted in full restoration of the original
spectrum. A similar experiment at 81.5 K using propane as a (non-viscous) solvent
resulted in a comparable change in the UV/Vis-absorbance, although residual thermal
behaviour as seen in the organic glass was not observed. In the case of propane,
irradiation at 81 K resulted in a change in the UV/Vis-absorbance, that thermally
returned to the original spectrum within 5 min.
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Figure 32: UV/Vis-difference spectra of the stable form and the photo stationary state resulting
from irradiation of 9 in methylcyclohexane : methylcyclopentane = 1 : 1 (98 K, left) and
propane (81 K, right).

Although further data on the origin of the residual temporal phenomenon
observed in the organic glass were not obtained, a reasonable explanation can be found
in chapter 3 concerning the mechanism of thermal helix inversion. Because for all
motors not comprising a fluorenyl stator so far a two-step process for thermal helix
inversion has been observed, this extra thermal process may reflect a transition of the
initial photochemical product to a 2nd higher energy isomer. In this case, the cause of
this phenomenon should be sought in the relative heights of the thermal barriers for
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both processes; for compound 9, a distinct difference is observed relative to
compounds 7, 5 and 3. Alternatively, relaxation of the solute – solvent sphere can be
taken into account. Upon irradiation, photochemical cis – trans isomerisation in the
excited state and subsequent return to the ground state results in a high energy
conformation, that is far from the minimum energy conformation of the unstable
form. Slow solvent relaxation due to the high viscosity around the high-energy solute
results in a rate toward the local minimum on the potential energy surface visible on
the timescale of the UV/Vis-experiment. With this explanation the similar UV/Visabsorbance of the thermally relaxed state of the unstable form in the organic glass and
that obtained in (propane) solution can be adequately explained as well. Because a
similar effect is not observed for 5 and 7 under the same conditions, in this case the
relaxation process should be associated with the two methyl moieties on the stator.
Determinations of the rate of conversion of unstable 9 to stable 9 were
hindered by the high rate at the lowest temperature attainable. The temperature range
could not be extended because the propane used solidifies at 81 K, unstable 9 could
not be observed at temperatures higher than 85 K, and solvents with lower melting
points are not available. By performing a series of time-resolved UV/Vis spectroscopic
experiments in propane solution in the temperature range 81.5 K – 85 K and
averaging the fitted rate constants at one temperature, a rough indication of the
activation parameters could be obtained: Δ‡Gº1 = 27 kJ mol-1, Δ‡Hº1 = 21 kJ mol-1,
Δ‡Sº1 = -17 J mol-1 K-1 (Figure 33). If the data are assumed to validate extrapolation
the result would be an extrapolated rate constant at room temperature of 9×107 s-1,
with an associated half-life at this temperature of 8 ns (maximum rotation rate 45
MHz) given optimal irradiation conditions). However, as can be seen from Figure 33,
this value should not be considered accurate, and based on these data, it is only clear
that the actual lifetime is below 100 ns, because the thermal relaxation time is
considerably faster than that of 7.
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Figure 33: Arrhenius plot of thermal unstable 9 to stable 9 conversion in liquid propane.
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Only three points could be taken, and the Arrhenius plot of these data is far
from accurate as a result. It must be stressed however that the experimental limits of
cryogenic techniques in the study of solution phase rotation rate of molecular motors
have been reached at this point. To further apply cryogenic techniques in the trapping
of unstable forms would require lower temperatures in combination with for instance
film deposition techniques in vacuum. Apart from the problems associated with lower
signal intensity, further cooling further increases the uncertainty introduced by
extrapolation of rate constants, and more importantly, data obtained by using such
extreme experimental techniques cannot be expected to represent the behaviour of the
compound under ambient conditions, either as a solution at room temperature, on a
surface or embedded in liquid crystals or polymers. Although behaviour of these
compounds under other, more extreme conditions than so far examined would be
interesting to investigate, our main interest lies in application of these compounds for
practical (nano)technological purposes, and for this reason, ambient solution-like
phases, possibly on boundary layers, seem the most appropriate.
Transient absorption techniques that allow for high time resolution of the
appearance and decay of short-lived intermediates are a much more viable option to
expand this line of research. Unfortunately a system with resolution in the low ns
regime was not available to provide accuracy to the data obtained from the above
cryogenic experiments. As a result compound 9 requires further study in order to
elaborate on its rotation characteristics. However, the experiments performed so far, in
comparison with the other structures presented in this chapter provide strong
indication of this structure being capable of MHz unidirectional rotation upon
irradiation under appropriate experimental conditions, because the anticipated
photochemical – thermal cycle has been observed.

2.7 Increasing the rate of rotation of the thioxanthone stator by t-butyl
substitution of the cyclopentylidene rotor
As was discussed in the introduction, substitution of the methyl group at the
stereogenic centre for a t-butyl group should increase the rate of thermal helix
inversion by a relative increase in the ground state energy of the unstable form.
Cryogenic experiments to observe unstable species in solution failed for this reason, as
anticipated. It was noted however, that even at room temperature, 10 displays
significant fluorescence. UV/Vis spectroscopy in n-hexane solution indicated that no
absorption is visible above 400 nm; the emission maximum was found at 440 nm
(Figure 34).
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Figure 34: UV/Vis and fluorescence spectrum of 10 in hexane at RT.

Although from the above observations it may be clear that cryogenic
techniques are not applicable to study the thermal behaviour of the unstable form
resulting from irradiation of 10, pump probe techniques have proven valuable. In
collaboration with Ramunas Augulis and Paul van Loosdrecht from the Zernike
Institute for Advanced Materials from the University of Groningen, the behaviour of
10 was studied by the same setup as used for the pump probe experiments on
compound 5. 16
The results indicate that in comparison to the parent compound 7,
substitution of the methyl group for a t-butyl group results in a dramatic acceleration
of the thermal helix inversion step. The stable form of 10 in n-hexane solution was
excited using 360 nm laser pulses. Following the transient absorption with white light
resulted in complete return to the initial state within several ns (Figure 35), without
observable photodegradation even after prolonged experiments. The minimum at 350
nm indicates a decrease in absorption at this wavelength, and probing at this
wavelength resulted in two processes that could be observed. The first process has a
lifetime of approximately 20 ps, and was followed by a much slower process of about 3
ns. At 390 nm, only one process could be observed, with a lifetime of approximately
610 ps. The minimum at 450 nm is due to emission of the stable form of 10, and
allows for following the decay of the excited state to the ground state. A decay time
around 20 ps is observed at this wavelength, and a 600 ps process can be distinguished
as well, albeit with low intensity and associated low accuracy. The transient species at
higher wavelength that are visible represent S1 – Sn absorptions, and allow for specific
probing of excited state relaxation. Probing at 590 nm results in a process with a
lifetime around 670 ps. Although the process with 600 – 700 ps lifetime (i.e. those
observed at 390, 450 and 590 nm) likely represents the excited state decay and the 20
ps process (i.e. those observed at 350 and 450 nm), might reflect a barrier crossing in
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S1, definite conclusions concerning the photophysical behaviour of 10 cannot be
drawn from these data alone. However, it is clear that the full cycle of excitation,
excited state decay and ground state thermal relaxation to the stable form occurs
within 3 ns, and because so far the rate determining step has been the thermal
transition between the unstable and stable form, it is clear that the rate determining
step in the rotation cycle of 10 has a lifetime of at most 3 ns (t1/2º ≤ 2.1 ns). The rate
constant for this process kΔº therefore is around 3.3×108 s-1, allowing for a maximum
rotation ωº at room temperature of 167 MHz under suitable irradiation conditions.

Figure 35: TA spectrum obtained using white light probing (50 ps delay, left) and thermal
decay kinetics at 350 nm (right) in hexane.

2.8 Solvent effects on the rate of thermal helix inversion
From the experiments presented so far it has become clear that TA
spectroscopy presents a reliable method for the study of thermal helix inversion, and
has been proven to correspond to the results obtained by extrapolation of cryogenic
data to ambient conditions. With the large range of solvents used for the study of
these motors, the question arises as to what influence the identity of the solvent exerts
on the rate determining step of motor rotation, i.e. the process of thermal helix
inversion. To answer this question, a series of experiments using the TA setup at DCU
was designed. The structures depicted in Figure 36 were subjected to pulsed laser
irradiation at 26 ºC, and the rate of thermal conversion of the photo-generated
unstable form to the stable form was obtained by first-order fitting procedures similar
to those used in the determination of activation parameters. Because of the TA setup,
motors with relaxations times above the ms region could not be used, and therefore
only motors with cyclopentylidene upper halves are used in these experiments. It is
however reasonable to assume that any solvent influence on the rate of thermal helix
inversion for this series of molecular motors can be taken to reflect the existence of
solvent influence for related molecular motors as well.
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Sample solutions of the structures in Figure 36 in the solvents n-hexane,
toluene, CH2Cl2 and acetonitrile were prepared at an OD of 0.8 – 1.0 and thoroughly
purged with nitrogen. (Compound 11 was used with special thanks to Dr J. Vicario
and compound 12 with special thanks to A. Kulago). A short laser pulse generated a
population of the unstable form visible by a change in absorption. The decay to the
stable form was followed in time to obtain the rate constant and half-life time for the
conversion. The results are summarised in Table 1.

O

N
Boc

3

5

11

12

Figure 36: Motors used for rate determinations of thermal helix inversion at 26 ºC in a series of
solvents.

For compound 3, a clear decrease of the rate of thermal helix inversion with
increasing polarity is observed. The reverse holds for 5, where a general increase of the
rate of thermal helix inversion with increasing polarity is observed. An exactly similar
result is obtained for the structurally different compound 11; an increase in the rate of
thermal helix inversion with increasing polarity, with the n-hexane sample not fitting
with the general pattern. Finally, compound 12 displays a clear decrease in rate of
thermal helix inversion with increasing polarity. In this case however, the odd one out
is the most polar acetonitrile sample, rather than the least polar n-hexane sample.
Table 1: Rate constants and half-life times at 26 ºC for the conversion of photo-generated
unstable forms to stable forms of the motors presented in Figure 36. Solvents are arranged
according to increasing polarity from left to right, with the dipole moment μd in brackets
[D]. 17 Arrows indicate a general trend towards decreasing (←) or increasing (→) rate with
increasing solvent polarity, and bold table numbers indicate samples not fitting with the
general trend for that solvent. Errors are between 2.1% and 0.4% (not shown).
hexane (0.00)

toluene (0.38)
-1

CH2Cl2 (1.60)
-1

acetonitrile (3.95)

mol.

k [s ]

t1/2 [s]

k [s ]

t1/2 [s]

k [s ]

t1/2 [s]

k [s-1]

t1/2 [s]

3

7.9E2

1.3E-3

5.4E2

1.9E-3

2.2E2

4.7E-3

1.4E2

7.4E-3

←

5

2.8E5

3.6E-6

1.8E5

5.6E-6

3.1E5

3.3E-6

4.6E5

2.2E-6

→

11

2.1E1

4.8E-2

1.7E1

5.9E-2

2.5E1

4.1E-2

2.9E1

3.5E-2

→

12

1.5E6

6.8E-7

8.4E5

1.2E-6

6.6E5

1.5E-6

9.1E5

1.1E-6

←
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From these results, the presence of a solvent effect on the rate of thermal helix
inversion is established. A six-fold decrease in the rate is observed when substituting nhexane for acetonitrile for a sample solution of 3, and factor two differences in rate of
thermal helix inversion are common upon a change in solvent.
More challenging is to predict the influence of solvent. In some cases, a
general increase is observed with polarity, whereas in other cases a general decrease is
observed. Also attempts to correlate the data with other solvent parameters (viscosity,
ET(30), dielectric constant and combinations thereof)17 did not provide clear trends.
Possibly, incorporation of characteristics of the unstable form(s) of these structures
reveals a relation, but this approach has not been pursued. However, the chance that
the observed trends are completely coincidental seems small with this sample space,
but a statistical analysis to verify this assumption has not been performed. A more
thorough study with different solvents and samples would be required to uncover valid
trends for the solvent effect on the rate of thermal helix inversion.

2.9 Discussion
From the experiments presented in this chapter it has become clear that it is
not possible yet to define a point where the physical behaviour of these compounds
looses unidirectionality. Unidirectionality has been proven to occur for motors 1 – 8
in this chapter, and strong indications exists that this function is preserved in
compounds 9 and 10 (vide infra). This means that well into the ns regime the rotation
proceeds unidirectionally. A comparison of the barriers to thermal helix inversion
Δ‡Gº1, associated halve-life times t1/2 and maximum possible rotation rates ωº for the
motors described in this chapter can be found in Table 2 both for cryogenic and
ambient conditions. As the data sets display high similarity in those cases where both
approaches have been followed, error analysis has not been performed. Because the
experimental setup for compound 1 is comparable to that of compounds 3, 5 and 7,
there is no reason to assume a largely different error in this case. The values reported
for compound 9 should be considered rough approximations due to experimental
limits on solution-phase cryogenic experiments. However, it is clear that the barrier of
activation for the conversion of the higher-energy isomer of 9 to the stable isomer is
lower than that of compound 7.
The temperature range used to obtain the activation parameters under
cryogenic conditions could be considered small in comparison to standard practice. In
most situations, it is advised to use at least a 20 K temperature range to obtain such
data, and in this case, sometimes ranges of less than 10 K were used. However, as can
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Table 2: Comparison of the barriers to thermal helix inversion Δ‡Gº1 [kJ mol-1], associated
halve-life times [s] and maximum possible rotation rates ωº [Hz] obtained by extrapolation of
cryogenic UV/Vis- and CD-spectroscopy and of transient absorption spectroscopy under
ambient conditions to 20 °C.
compound
1
3
5
7
9a
10b

UV/Vis or CD spectroscopy
Δ‡Gº1
t1/2
ωº
[kJ mol-1]
[s]
[Hz}
83.5
88
4.0×10-3
57.9
1.5×102
2.4×10-3
41.0
2.3×10-6
1.5×105
35.8
2.7×10-7
1.3×106
-9
27
5×107
8×10
n.d.
n.d.
n.d.

Transient absorption kinetics
Δ‡Gº1
t1/2
ωº
[kJ mol-1]
[s]
[Hz]
n.d.
n.d.
n.d.
57.1
1.4×10-3
2.4×102
41.5
2.8×10-6
1.3×105
33.5
1.1×10-7
3.3×106
n.d.
n.d.
n.d.
-9
n.d.
≤1.7×108
≤2.1×10

n.d.: not determined. a) less accurate data. b) determined by direct measurement rather than
through extrapolation of a data series.

be seen from the data, at cryogenic temperatures the influence of temperature on rate
increases relative to under ambient conditions, which makes it challenging to obtain
data over a long temperature range. It must be stressed however, that this choice does
not affect the validity of the results, as can be seen from the correspondence of
extrapolated data with data obtained directly under ambient conditions.
Unidirectionality, as is well known from previous studies, occurs due to the
intrinsic energy difference between the equatorial and axial position of the methyl
group at the stereogenic centre (Figure 2 on page 54). Because the full structure is
helical due to the crowding of the naphthalene part of the rotor with a phenyl ring of
the stator, an equatorial – axial transition of the methyl group by photochemical cis –
trans isomerisation results in the higher energy of the unstable form. Because the
lowest energy helicity of the motor is determined by the absolute configuration at the
stereogenic centre, the helicity of the unstable form is dictated by the process of cis –
trans isomerisation. Although as yet we have no means of verifying that this process is
unidirectional (i.e., proceeds intrinsically in the same direction as thermal helix
inversion), it can be considered likely on the basis of steric considerations. Apart from
that, the pump-probe experiments performed for compound 5 display a single
pathway for cis-trans isomerisation. If photochemical isomerisation would occur in
two directions, one in the same (positive) and one in the opposite direction of thermal
helix inversion (negative), the different steric interactions for these pathways would
likely result in different rates. As only single unimolecular processes are observed, it is
likely that the photochemical process should be considered unidirectional, although
the absolute direction cannot be determined from these experiments. Only in case of
equal rates for the positive and negative direction of photochemical isomerisation these
processes cannot be distinguished. However, even in the case where the photochemical

88

Motor functionality at ultrafast timescales

process does not display an inherent unidirectionality, the helicity of the stable form is
inverted by cis – trans isomerisation, and as a result thermal helix inversion must occur
in a predefined direction, as has been established before.
The unidirectionality of the cycle is therefore preserved as long as the
following prerequisites are met:





A stereogenic centre that introduces an energy difference between
equatorial and axial orientation of a stereogenic substituent so that the
thermal equilibrium is fully shifted to the side of the most stable
isomer.
An intrinsic helical structure by steric crowding over the double bond.
Photochemistry that allows for clean unimolecular processes during cis
– trans isomerisation

Overcrowded alkenes following these characteristics will display behaviour
comparable to the compounds presented here. In this chapter, new compounds were
introduced according to these characteristics. From the observed unidirectionality
sufficient energy differences between equatorial and axial orientation of the methyl
substituent is concluded. Calculations on the energy difference between stable and
unstable forms (chapter 3) provide values of 15 – 20 kJ/mol, depending on the
compound, in support of this finding. At the same time, the crowding over the double
bond at all times is sufficient to dictate a helical structure as required. As
photochemistry turns out to be clean (for as far as can be proven), rotation should be
considered unidirectional.
This reasoning allows for an extension of the theory of molecular motors. As
long as the above requirements are met, the structure will show rotation of one part
with respect to the other in a unidirectional sense. The asymmetric potential energy
profile resulting from the above structural requirements does not allow for different
behaviour. As the difference for equatorial and axial orientation of a t-butyl group is
much larger than that of a methyl group, and the helical structure is dictated by the
same overall structural elements as for the other compounds in this chapter, we should
therefore assume that 10 displays unidirectional rotation upon irradiation. The same
argument holds for 9, that displays similar photochemistry on nearly the same
timescale as 7 and 8.
On the other hand, photostationary states for cyclopentylidene rotors are
found to be much less favourable than for any of the six-membered rotor analogues. In
normal solution, conversions are found to be low, as exemplified by the 1H NMRexperiments on 2 and 4. Compounds 5 and 7 display somewhat higher, but still low
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conversion in CD and UV/Vis experiments using non-viscous media (this chapter,
and chapter 5). It is generally accepted that quantum yields for cis-trans isomerisation
of stilbene-like compounds decrease with decreasing temperature, 18 which may partly
explain the low conversion observed in the cryogenic experiments. However, the
minor differences in UV/Vis transient absorption found for 3, 4, 7 and 8 provide an
indication that also under ambient conditions, either the conversion is low or the
difference in UV/Vis signal between stable and unstable is inherently small. As will be
described in chapter 4, unfavourable photostationary states are only unfavourable in
their limitations for research into the different pathways present in the rotation cycle.
As long as a system is limited by the irradiation intensity, as is the case in most
experimental setups, poor photostationary states do not restrict the overall rotation
rate. Therefore, in experimental setups where the overall limit of rotation is
photochemical (thermal conversion of unstable to stable is faster than photochemical
conversion of stable to unstable), rotation rates of up to 167 MHz (10) are expected
for the structures in this chapter, provided suitable experimental conditions can be
reached.

2.10 Conclusion
Molecular motors functionalised with cyclopentylidene upper halves have
been proven to display unidirectional rotation similar to that of various six-membered
ring analogues by UV/Vis-, CD- and NMR-spectroscopic techniques. In cases of
extreme cryogenic conditions, the extrapolations were verified using transient
absorption spectroscopy at ambient-temperature. Unidirectional rotation behaviour is
found over the full temperature range investigated (200K), without significant
deviations of thermal barriers. Half-life times for the rate limiting process of thermal
helix inversion are found to range from 88 s for 1, to 2.1 ns for 10. Overall rotation
rates of 167 MHz can thus be achieved theoretically under suitable experimental
conditions. At the same time, it has been found that the solvent effect on the rate of
thermal helix inversion is considerable. Differences of up to a factor 6 in the rate of
thermal helix inversion have been found upon a change in solvent.

2.11 Experimental section
Most compounds have been described previously.8 Those that have not been described were
prepared according to previously reported procedures.8 Compound 10 was prepared following
a different procedure; a reversed Barton-Kellogg approach was adopted according to known
methods.9 Separation of cis- and trans isomers was challenging in most cases; TLC separation is
not observed on silica gel, aluminium oxide or silica gel coated with AgNO3, which in the case
of 6 and 8 is due to thermal cis-trans isomerisation. In the case of 2 and 4 thermal cis - trans
isomerisation does not occur at ambient temperature. In those instances where separation
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could be achieved (i.e. 2, 4 and 8), the method used involved flash column chromatography on
silica gel using reasonably polar solvents (e.g. n-pentane : DCM = 4 : 1), to obtain the first and
last portions of the compounds band. Sometimes this needed to be repeated, and always this
procedure was followed by crystallisation. As a result, pure cis- and trans isomers could not be
obtained in large quantities. Enantiomerically pure samples were obtained by asymmetric
synthesis 19 (e.e. > 99%) in the case of 5 (S-enantiomer by comparison of the helicity with
known molecular motors8b), and by preparative HPLC (AD column, n-heptane : IPA = 97 : 3,
e.e. = 98%) in the case of 7 (R-enantiomer).
Cryo-UV/Vis and CD kinetic experiments were performed using an Oxford Instruments
OptistatDN variable temperature liquid nitrogen cryostat inserted in a Hewlett-Packard HP
8543 FT spectrophotometer or a JASCO J-715 spectropolarimeter. NMR-data were obtained
using a Varian Unity Plus Varian-500, operating for 499.86MHz for the 1H nucleus and
125.69 MHz for the 13C nucleus. Transient Absorption (TA) experiments were performed
using a Spectron Laser Systems SL801 Nd YAG laser, and for this work the 355 nm line of the
pulsed Nd:YAG laser was used (energy approximately 35 mJ per pulse; system response 20 ns).
Uvasol-grade solvents were used, except in the case of propane, which was received as a
pressurized gas. To prepare spectroscopically clear propane samples, propane was liquefied at
200 K in a flame-dried nitrogen atmosphere and dried over MgSO4. A sample solution in
isopentane was evaporated to near-dryness and diluted to the original volume with liquid
propane on MgSO4 by pouring it into the cuvet through a glass funnel with paper filter. This
was done in the outlet of a nitrogen-flushed cryostat, where a strong nitrogen stream prevented
condensation of water on the outside of the cuvet. The cuvet was inserted into the cryostat as
fast as possible after sample preparation, and then cooled to T < 120 K, where solvent
evaporation was slow enough to allow for kinetics measurements that were not affected by
changes in concentration. Irradiation was performed using a 200 W Oriel Xe(Hg) lamp or a
200 W Oriel Hg-lamp fitted with suitable bandpass filters (typical bandwidth 10 nm).

2.11.1 UV/Vis spectroscopy
Sample solutions of 0.01 – 0.03 mM in a quartz cuvet were cooled and stabilized for 15 min.
This solution was taken as the blank before the start of irradiation. Irradiation was continued
until further change was not observed in the spectrum (usually 10 – 15 min) resulting in the
UV/Vis-difference spectrum of the sample at the photostationary state and the sample before
irradiation. A suitable bandpass filter was mounted on the UV-beam exit to prevent
photochemical conversion during the course of measurement of the thermal reaction, and
thermal helix inversion was followed in time at a suitable wavelength. An exponential decay
was fitted to the results to obtain the rate constant at that temperature.

2.11.2 CD-spectroscopy
After stabilization of a sample solution (0.01 – 0.03 mM) at specified temperature the CDspectrum was recorded. Irradiation was performed until no further change in the spectrum was
observed. A spectrum of the sample at the photostationary state was recorded. The rate
constant of thermal helix inversion was obtained by fitting an exponential decay to the curve
obtained by following the reaction at the wavelength of largest change in the spectrum.
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2.11.3 NMR-spectroscopy
Spectra of sample solutions enriched in one of the isomers were recorded at a specific
temperature, and the conversion to the new isomer was followed by recording spectra at known
time intervals. Isomer ratios were determined at each time interval by integration, and the rate
constant of the thermal reaction was obtained by fitting an exponential decay to the data
points.

2.11.4 Transient differential absorption spectroscopy
Solutions for analysis were prepared at OD 0.75 – 1 A.U. at the excitation wavelength, placed
in a fluorescence cuvette and degassed with nitrogen gas. The UV/Vis spectrum of the sample
solution was monitored throughout the experiments to verify sample stability. Activation
parameters were obtained from Eyring plots over the temperature range 273 - 298 K. For
compounds 4 and 8 single-shot experiments on fresh sample were averaged, to ensure the
presence of a single isomer in the sample solution before each shot.

2.11.5 Analytical data
Analytical data for compounds 1, 5, 6 and 7 and 9 are reported in ref 8a. Analytical data of 2,
3, 4, 8 and 10 are reported below. Cis – and trans isomers of 2, 4 and 8 were assigned by X-ray
crystallographic analysis (Figure 37). Pure trans-8 could not be obtained in sufficient quantities
for 13C and/or APT determination.
Trans-2: 1H NMR (CHCl3) : δ7.67 (d, J = 8.1 Hz, 1H), 7.64 (d, J = 7.7 Hz, 1H), 7.46 (d, J =
7.7 Hz, 1H), 7.37 (d, J = 8.1 Hz, 1H), 7.14 – 7.04 (m, 4H), 6.92 (s, 1H), 6.89 (s, 1H), 6.80 –
6.68 (m, 4H), 3.94 (s, 3H), 3.93 (s, 3H), 3.76 (m, 1H), 3.50 (dd, J = 8.5, 6.4 Hz, 1H), 2.51
(d, J = 15.8 Hz, 1H), 0.70 ppm (d, J = 6.6 Hz, 3H). 13C NMR: δ149.5 (C), 147.5 (C), 146.9
(C), 144.7 (C), 141.9 (C), 135.1 (C), 134.6 (C), 132.9 (C), 132.2 (C), 132.0 (C), 131.2
(CH), 130.1 (CH), 129.5 (CH), 129.1 (C), 129.0 (CH), 128.4 (C), 128.0 (CH), 127.7 (CH),
127.6 (CH), 126.4 (CH), 126.0 (CH), 124.3 (CH), 123.9 (CH), 123.8 (CH), 111.6 (CH),
110.1 (CH), 56.1 (CH3), 55.9 (CH3), 39.1 (CH), 38.3 (CH2), 20.0 ppm (CH3). m/z (EI, %):
430 (100), 289 (35). HRMS calcd for C31H26O2: 430.1933; found 430.1947.
Cis-2: 1H NMR (CHCl3): δ7.56 – 7.49 (m, 3H), 7.32 – 7.18 (m, 6H), 6.72 (s, 1H), 7.38 (s,
1H), 3.87 (m, 1H), 3.40 (dd, , J = 15.6, 6.4 Hz, 1H), 3.35 (s, 3H), 2.56 (s, 3H), 2.32 (d, J =
16.1 Hz, 1H), 0.81 ppm (d, J = 6.4 Hz, 3H). 13C NMR (500 MHz, CDCl3): 149.8 (C), 147.7
(C), 147.0 (C), 144.5 (C), 138.7 (C), 135.4 (C), 135.3 (C), 135.2 (C), 132.8 (CH), 131.8
(C), 130.8 (CH), 130.2 (CH), 129.5 (CH), 129.2 (CH), 128.4 (CH), 127.7 (CH), 127.5 (C),
127.4 (CH), 126.2 (CH), 126.1 (CH), 125.8 (C), 124.4 (CH), 124.2 (CH), 123.8 (CH),
112.0 (CH), 111.6 (CH), 56.1 (CH3), 55.7 (CH3), 39.0 (CH), 37.8 (CH2), 20.0 ppm (CH3).
m/z (EI, %) m/z (EI, %): 430 (100), 289 (38). HRMS calcd for C31H26O2: 430.1933; found
430.1943.
3: 1H NMR: δ7.55 (m, 3H), 7.26 (d, J = 8.1 Hz, 2H), 7.15 – 7.00 (m, 4H), 6.94 – 6.89 (m,
2H), 6.80 t, J = 7.5 Hz, 1H), 6.73 (d, J = 7.7 Hz, 1H), 6.36 (t, J = 7.5 Hz, 1H), 3.86 (dt, J =
13.7, 4.4 Hz, 1H), 3.70 (m, 1H), 3.38 (m, 2H), 2.89 (m, 1H), 2.61 (dt, J = 9.9, 3.7 Hz, 1H),
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2.36 (d, J = 15.4 Hz, 1H), 0.75 ppm (d, J = 6.6 Hz, 3H). 13C NMR: δ145.6 (C), 145.0 (C),
144.9 (C), 141.0 (C), 139.3 (C), 136.4 (C), 135.4 (C), 134.9 (C), 133.9 (C), 131.4 (CH),
130.3 (CH), 130.0 (CH), 129.7 (C), 129.2 (CH), 128.4 (CH), 128.2 (CH), 127.3 (CH),
127.2 (CH), 127.0 (CH), 126.5 (CH)125.8 (CH), 125.4 (CH), 124.4 (CH), 124.1 (CH),
39.8 (CH), 39.7 (CH2), 34.4 (CH2), 31.8 (CH2), 18.8 ppm (CH3). m/z (EI, %) HRMS calcd
for C29H24: 372.1878; found 372.1866.
Cis-4: 1H NMR: δ7.72 (dt, J = 8.2, 3.7 Hz, 2H), 7.44 (d, J = 8.2 Hz, 1H), 7.31 (d, J = 8.6 Hz,
1H), 7.16 (m, 2H), 7.0 (t, J = 7.0 Hz, 1H), 6.8 (m, 3H), 6.54 (m, 2H), 3.75 (m, 7H), 3.55
(m, 3H), 3.08 (dt, J = 8.8, 4.4 Hz, 1H), 2.80 (m, 1H), 2.54 (d, J = 15.6 Hz, 1H), 0.77 ppm
(d, J = 7.0 Hz, 3H). 13C NMR: δ148.5 (C), 147.7 (C), 146.0 (C), 145.2 (C), 141.8 (C), 137.1
(C), 137.0 (C), 135.3 (C), 134.3 (C), 133.5 (C), 131.6 (C), 131.4 (CH), 129.8 (CH), 129.5
(CH), 129.3 (C), 128.2 (CH), 127.1 (CH), 126.8 (CH), 125.4 (CH), 124.7 (CH), 124.4
(CH), 124.3 (CH), 111.9 (2xC-H), 56.4 (CH3), 56.3 (CH3), 39.8 (CH), 39.7 (CH2), 34.2
(CH2), 31.3 (CH2), 19.0 ppm (CH3). m/z (EI, %): 433 (100), 401 (25), 291 (54), 251 (18).
HRMS calcd for C31H28O2: 432.2089; found 432.2068.
Trans-4: 1H NMR (500 MHz, CD2Cl2): δ7.69 (d, J = 8.1 Hz, 1H), 7.68 (d, J = 7.7 Hz, 1H),
7.34 – δ7.20 (m, 5H), 7.18 (t, J = 5.1 Hz, 1H), 6.90 (t, J = 7.3 Hz, 1H), 6.58 (s, 1H), 6.07 (s,
1H), 3.81 (m, 1H), 3.75 (s, 3H), 3.62 (m, 1H), 3.50 (m, 2H), 3.01 (m, 1H), 2.90 –2.82 (m,
1H), 2.86 (s, 3H), 2.51 (d, J = 15.8 Hz, 1H), 0.75 ppm (d, J = 7.0 Hz, 3H). 13C NMR (500
MHz, CD2Cl2): δ148.6 (C), 146.9 (C), 145.7 (C), 145.1 (C), 144.8 (C), 139.7 (C), 135.5
(C), 133.8 (C), 133.4 (C), 132.9 (C), 129.8 (CH), 129.6 (C), 129.3 (C), 128.2 (CH), 127.7
(CH), 127.6 (CH), 127.3 (CH), 127.0 (CH), 126.4 (CH), 124.7 (CH), 124.4 (CH), 124.4
(CH), 114.7 (CH), 114.4 (CH), 56.1 (CH3), 55.8 (CH3), 39.7 (CH2), 39.5 (CH), 34.2
(CH2), 31.8 (CH2), 19.1 ppm (CH3). m/z (EI, %): 433 (100), 401 (24), 291 (51), 251 (16).
HRMS calcd for C31H28O2: 432.2089; found 432.2071.

Figure 37: PLUTO plot of the X-ray structures of trans-2 (left), trans-4 (middle) and cis-8
(right).
Cis-8: 1H NMR: δ7.70 (m, 3H), 7.58 (dd, J = 7.7, 1.1 Hz, 1H), 7.43 (d, J = 8.4 Hz, 1H),
7.40 (d, J = 8.4 Hz, 1H), 7.30 (dt, J = 7.7, 1.1 Hz, 1H), 7.18 (dq, J = 8.1, 1.1 Hz, 2H), 6.82
(m, 2H), 6.57 (dd, J = 8.4, 2.9 Hz, 1H), 6.23 (d, J = 2.6 Hz, 1H), 4.26 (m, 1H), 3.63 (dd, J =
15.8, 6.2 Hz, 1H), 2.93 (s, 3H), 2.62 (d, J = 15.8 Hz, 1H), 0.79 ppm (d, J = 7.0 Hz, 3H). 13C
NMR: δ158.6, 146.1, 145.7, 141.2, 137.8, 136.4, 135.1, 132.8, 130.0, 129.0, 128.6, 128.3,
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12.8, 127.7, 127.6, 126.5, 126.1, 125.9, 124.7, 124.2, 123.7, 114.2, 113.4, 55.1, 39.6, 37.6,
19.6 ppm. m/z (EI, %): 406 (92.5), 391 (28.3), 375 (18.3), 265 (100). HRMS calcd for
C28H22OS: 406.1391; found 406.1384.
Trans-8 (<5% cis-6): 1H NMR: δ7.70 (d, J = 8.1 Hz, 1H), 7.66 (d, J = 8.4 Hz, 1H), 7.55 (d, J
= 7.7 Hz, 1H), 7.49 (d, J = 8.4 Hz, 1H), 7.40 (d, J = 8.1 Hz, 1H), 7.34 (d, J = 2.2 Hz, 1H),
7.14 (t, J = 7.5 Hz, 1H), 6.97 (t, J = 7.7 Hz, 1H), 6.84 (d, J = 7.7 Hz, 1H), 6.77 (m, 2H),
6.69 (d, J = 7.0 Hz, 1H), 6.59 (t, J = 7.5 Hz, 1H), 4.30 (m, 1H), 3.85 (s, 3H), 3.61 (dd, J =
9.0, 6.2 Hz, 1H), 2.60 (d, J = 15.4 Hz, 1H), 0.79 ppm (d, J = 7.0 Hz, 3H). m/z (EI, %): 406
(92.5), 391 (28.3), 375 (18.3), 265 (100). HRMS calcd for C28H22OS: 406.1391; found
406.1387.
10: 1H NMR (400 MHz, CDCl3): δ7.73 (d, J = 7.7 Hz, 1H), 7.70 - 7.57 (m, 4H), 7.38 (d, J
= 8.4 Hz, 1H), 7.32 (t, J = 7.7 Hz, 1H), 7.20 (t, J = 7.5 Hz, 1H), 7.15 (t, J = 7.0 Hz, 1H),
6.94 (m, 2H), 6.79 (m, 1H), 6.63 (d, J = 7.7 Hz, 1H), 6.54 (t, J = 7.3 Hz, 1H), 4.05 (d, J =
6.6 Hz, 1H), 3.44 (m, 1H), 2.92 (d, J = 15.8 Hz, 1H), 0.41 ppm (s, 9H). 13C NMR (400
MHz, CDCl3): δ146.1 (C), 142.8 (C), 140.4 (C), 139.4 (C), 137.5 (C), 136.3 (C), 135.6 (C),
132.7 (C), 131.2 (C), 129.6 (CH), 128.3 (CH), 128.2 (CH), 127.9 (CH), 127.8 (C), 127.7
(CH), 127.6 (CH), 126.2 (CH), 126.0 (CH), 126.0 (CH), 124.7 (CH), 124.0 (CH), 122.6
(CH), 52.8 (CH), 34.8 (C), 34.5 (CH2), 27.4 ppm (CH3). m/z (EI, %): 418 (22), 361 (100).
HRMS calcd for C30H26S: 418.1755; found 418.1769.
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Chapter 3

The mechanism of thermal helix
inversion of second generation
molecular motors
The mechanism of thermal helix inversion is investigated using spectroscopic techniques and
theoretical methods for a series of molecular motors featuring 5, 6 and 7-ring stator parts
and thiopyran rotor parts. The results indicate that the mechanism in all cases can be
described using similar overall conformations, and similar transitions states on the reaction
coordinate. The relative energies of the transition states on the reaction coordinate
determine which isomer is accessible experimentally, but the photochemical product varies
with structure for yet unknown reasons.

Parts of this chapter have been published:


Klok, M.; Walko, M.; Geertsema, E. M.; Ruangsupapichat, N.;
Kistemaker, J. C. M.; Meetsma, A.; Feringa, B. L., Chem. Eur. J.
2008, 14 (35), 11183, DOI 10.1002/chem.200800969

Chapter 3

3.1 Introduction
Research on molecular motors, thus far, has been driven by the goal to
increase the rate of rotation, with possible applications in mind. As the thermal helix
inversion step is usually considered to be the rate-limiting step during motor rotation
(but see chapter 4 for a detailed analysis of the validity of this assumption), several
approaches have been followed, among which the establishment of equal rates of helix
inversion for both transitions in the rotation cycle by introduction of a symmetric
rotor part (2nd generation motors), 1 ground state destabilization of the unstable form
by an increase in the size of the stereogenic substituent 2 and electronic control over
the strength of the double bond that functions as the axis of rotation. 3 This ultimately
lead to a detailed understanding of the rate –structure relationship 4 and the design of
structures principally capable of MHz rotation 5 (see chapter 2). An examination of the
mechanism of thermal helix inversion for 2nd generation motors has not been
performed however, despite its potential interest in understanding this component of
the rotary process. Only one study in this direction has been undertaken; a detailed
study into the stepwise helix inversion of a 1st generation motor. 6,7 In the past
however, extensive studies of the conformational dynamics of related overcrowded
alkenes has been performed. 8,9 Since the overcrowded alkenes reported so far share
common characteristics with respect to the dynamics of molecular motors, these
studies may provide a more detailed understanding of the mechanism of thermal helix
inversion of molecular motors. A short introduction to what has been reported for
these structures will follow.

Figure 1: General structure and conformations of bistricyclic alkenes (A more detailed overview
can be found in ref. 8).

The general structure of aromatic overcrowded alkenes is shown in Figure 1.
For bisthioxanthylene (X = Y = S), the anti-folded conformer was found to be lowest
in energy. The syn-folded conformer is 14 kJ mol-1 higher in energy and is not present
in significant amounts at thermal equilibrium. 10 The twisted conformation
corresponds to a thermally unstable saddle point for these structures. For overcrowded
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bis-5H-dibenzocyclohepten-5-ylidene (X = Y = -HCCH-) the most stable conformation is the anti-conformer, but in contrast to bisthioxanthylene, the syn conformer is
only 2.1 kJ mol-1 higher in energy, and observable in solution as a result.8 Thermal
interconversion between the two conformers of bis-5H-dibenzocyclohepten-5-ylidene
is possible at room temperature. It is evident that the latter compound constitutes an
exception among the bistricyclic overcrowded alkenes, as it is the only example to have
a stable syn-folded conformation. In addition, it has been shown that upon
photochemical cis-trans isomerisation the anti conformation is converted to the syn
conformation.8,11 The fact that syn-folded conformers have not been encountered in
2nd generation molecular motors can be attributed to the asymmetric profile of steric
hindrance in comparison to bistricyclic aromatic overcrowded alkenes. On one side of
the double bond, 2nd generation molecular motors comprise a naphthalene unit rather
than a phenyl unit, with a concomitant increase in steric interactions. On the other
side of the double bond, the replacement of a phenyl group with a methyl-substituted
stereogenic centre introduces an extra degree of freedom. The possibility for this group
to adopt either an equatorial or an axial orientation gives rise to the second, higher
energy conformer because the axial orientation is less hindered with respect to the
stator part than the equatorial orientation. A twisted conformation is suspected to be
involved in the thermal pathway back to the lowest energy conformation, based on
what has been observed for bistricyclic aromatic overcrowded alkenes.8 Thermally
stable twisted conformations have been characterised for bisfluorenylidene, 12 and
likewise for fluorenylidene motors.2, 13 Moreover, in studies on the racemization
barriers of symmetric bistricyclic aromatic overcrowded alkenes, it was found that the
aryl-X bond length strongly affects the rates of racemization and isomerisation. 14 This
was explained by an increase in steric hindrance in the fjord region with longer aryl-X
bonds. A combination of conformational flexibility and steric repulsion, which can to
some extent be governed by the aryl-X and aryl-Y bond lengths is therefore expected
to be important to the mechanism and rate of motor rotation. In this chapter, one
specific example of a molecular motor is subjected to a detailed mechanistic study of
the thermal helix inversion process by a combination of experimental spectroscopic
work and DFT calculations. The results obtained will be compared to what is known
for other 2nd generation motors, which allows us to introduce a general potential
energy diagram for the reaction coordinate of thermal helix inversion. The minima
and maxima on this profile can be represented by comparable conformations for all
molecular motors studied, and the profile is therefore representative of the process of
thermal helix inversion for 2nd generation molecular motors.
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Figure 2: Molecular motors 1 – 4 examined in this chapter.

3.2 Dibenzocyclohepten-5-ylidene stator
Irradiation of stable 1 (1a) at λ = 312 nm at -40 ºC in toluene overnight
resulted in conversion to a single higher-energy isomer, denoted 1b (photostationary
state (PSS) ratio 1a/1b = 58/42). In contrast, irradiation at 312 nm overnight at 20 ºC
resulted in conversion to an additional isomer denoted 1c (ratio 1a/1b/1c = 58/25/18,
Table 1). Both new isomers represent higher-energy conformations of 1a, as is
observed by the full conversion of the mixture of 1a/1b/1c, obtained after irradiation,
to 1a upon heating (60 ºC, 1 h). The small coupling constants of the stereogenic
proton with the neighbouring protons 3JAB and 3JAC in isomer 1b (J = 7.7 and 5.9 Hz)
reveal that in this isomer, the methyl substituent adopts an axial orientation,
comparable with the most stable conformation 1a (J = 8.2 and 5.1 Hz). On the other
hand, the higher values for the same coupling constants in isomer 1c (J = 11.9 and 7.0
Hz) indicate that here the methyl adopts an equatorial orientation.
Table 1: Chemical shifts, coupling constants of the proton at the stereogenic centre (HA) with
neighbouring ring protons HB and HC and the overall geometry for all stable conformers of 1
in toluene-d8.
3

ppm (δ)
Stable 1a
Unstable 1b
Unstable 1c

HAeq, 3.69
HAeq, 3.10
HAax, 2.20

JAB , 3JAC
[Hz]
8.2, 5.1
7.7, 5.9
11.9, 7.0

ppm (δ)

geometry

Meax, 0.52
Meax, 0.77
Meeq, 0.58

anti
syn
anti

Kinetic studies were performed on mixtures of isomers in toluene-d8 irradiated
at -40 ºC for 5 h (1a/1b/1c = 54/44/2), after which 1H NMR spectra were recorded
every 2 min., at a specific temperature. It was found that conversion to the second
unstable isomer 1c does not go to completion, but rather 1c is in equilibrium with the
first unstable isomer 1b, with a faster timescale than conversion to the stable form 1a.
At temperatures below 20 ºC the conversion to the most stable conformer 1a is less
then 2% when 1b and 1c reach equilibrium (t = 8000 s, Figure 3). Eyring analysis in
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the range of -5 ºC to +10 ºC provided the activation parameters for the 1b - 1c
equilibrium (Table 2). The Gibbs energy of activation for the conversion of the
unstable isomer 1b into 1c was found to be 93.0 kJ mol-1, whereas the Gibbs energy of
activation for conversion of the unstable isomer 1c to 1b was 91.8 kJ mol-1 (Figure 3 Figure 5). By analysis of the rate of formation of the most stable conformer 1a in the
temperature range of 30 ºC to 60 ºC under 1b – 1c equilibrium conditions, the Gibbs
energy of activation for this process was determined to be 101.5 kJ mol-1.
Unimolecular behaviour was observed for all processes.
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Figure 3: Conversion of structures 1a – 1c at 20 ºC as determined by 1H NMR spectroscopy
in toluene-d8 (A), and relative increase in [1c] relative to [1b] (B).
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Figure 4: Conversion of structures 1a – 1c at 0 ºC (A) and 50 ºC (B) as determined by 1H
NMR spectroscopy in toluene-d8.
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Figure 5: Eyring plots for the 1b - 1c equilibrium (A) and conversion of the unstable isomer 1b
to the stable isomer 1a (B) in toluene-d8.
Table 2: Activation parameters for the 1b – 1c equilibrium and the 1b to 1a conversion.

‡

1b to 1a
101.5
85.4
-57

Δ Gº [kJ mol ]
Δ‡Hº [kJ mol-1]
Δ‡Sº [J K-1 mol-1]
-1

1b to 1c
93.0
68.9
-82

1c to 1b
91.8
71.1
-71

Conversion to the most stable isomer 1a is accompanied by a relative increase
in the unstable isomer 1c. At higher temperatures where 1b and 1c equilibrate rapidly
the increase in 1c relative to 1b is faster, as is the conversion to the most stable isomer
1a. This can be seen clearly by the slope of the [1c]/[1b] quotient over time (Figure
3). After an initial equilibration period where the relative amount of 1c increases
sharply, the amount of 1c relative to 1b keeps rising. This is visible from the slope of
the straight part of the line in the right part of Figure 3. At higher temperatures, the
slope of this line increases (Figure 6), due to a faster increase in concentration of the
stable isomer 1a.
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Figure 6: Increase in [1c]/[1b] in time vs temperature (under 1b – 1c equilibrium conditions).
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At 20 ºC slow 1b – 1c equilibration (t = 0 – 8000 s) is observed and thereafter
1b and 1c remain at equilibrium while the sample reverts to 1a (t > 8000 s, Figure 3).
The observed rate of appearance of 1a is higher under non-equilibrium conditions,
where the concentration of 1b is much higher than that of 1c (Table 3). Under
equilibrium conditions at t > 8000 s, the rate of appearance of 1a is 3.2×10-6
s-1, whereas the rate of appearance of 1a in the time range 0 – 480 s is approximately 3
times higher at 9.2×10-6 s-1. Over the first 1200 s the relative concentration of 1b
diminishes due to equilibration with 1c. However, the two species are not at
equilibrium at this point, and the average rate of appearance of 1a lies between the
both values at 4.9×10-6 s-1.
Table 3: Initial and final rates of appearance of lowest energy isomer 1a.

Temperature [ºC]

initial rate kini [s-1]

initial rate kini [s-1]

rate keq [s-1]

20

9.2×10-6
(0 – 480 s)

4.9×10-6
(0 – 1200 s)

3.2×10-6
(t > 8000 s)

These two observations are attributed to the fact that only one of the two
unstable isomers 1b and 1c converts thermally to the most stable isomer 1a. From
these data, 1b is identified as the starting point of the pathway to 1a (Figure 7).

Figure 7: Representation of the observed photochemical/thermal equilibrium of 1.

X-ray crystallographic analysis of the most stable conformation 1a (Figure 8)
revealed that the axial orientation of the methyl group and the overall anti-folded
geometry are key elements in this structure. The length of the central double bond
(1.343 Å) is typical of an alkene, and the Newman projection viewed along the central
double bond reveals that it is not as twisted as might be expected for an overcrowded
alkene (torsion angles C14 – C15 – C16 – C17 = 1.1(3)º and C1 – C15 – C16 – C28
= 2.7(3)º). This is a consequence of the flexibility associated with the thiopyran and
suberane subunits: the (least square) planes C26 – S –C27 and C6 – C7 – C8 – C9
are almost parallel (difference 11.6(1)º), which allows for a high degree of relief of the
steric strain.
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Figure 8: PLUTO-plot of the X-ray structure of 1a, the Newman projection and numbering
scheme adopted.

DFT-calculations were performed using the Gaussian C.03W programme
package to support the assignment of the relative stabilities of the conformers of 1.
In its lowest energy conformation, 1 adopts an anti-folded geometry, with the methyl
at the stereogenic centre in an axial orientation (Figure 9, 1a). A higher energy
conformation was identified as being syn-folded, with the methyl group adopting an
axial orientation (1b in Figure 9). Isomer 1b has a calculated energy of 14.1 kJ mol-1
relative to the energy of 1a. This structure is formally a twisted structure, although it
releases much of the strain by folding. A third minimum was identified as having an
anti-folded geometry, with the methyl group adopting an equatorial orientation (1c in
Figure 9). Structure 1c has higher energy than 1b by 1.4 kJ mol-1.
19

Figure 9: From left to right: optimised structures for anti-folded (Meax) 1a, anti-folded (Meeq)
1c, 1(TS1) for conversion between 1b and 1c, formally twisted syn-folded (Meax) 1b and
1(TS2) for conversion of 1b to 1a.

Figure 10: Schematic Newman projections of 1a – 1c.
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Calculations of the transition state reached during the isomerisation of 1b and
1c indicates that this process has a lower barrier than that for isomerisation of 1b to
1a. The transition state 1(TS1) for interconversion of 1b and 1c (Figure 9 and Figure
11) was determined to involve an upper half ring flip during which process the
naphthalene part of the molecule passes the lower half, and was calculated to have an
energy of 97.8 kJ mol-1 relative to the lower energy isomer 1b. On the other hand, 1b
→ 1a conversion was found to proceed by a transition state 1(TS2) with a planar
suberene ring that has an energy of 105.4 kJ mol-1 relative to 1b. A schematic
representation of the potential energy profile can be seen in Figure 11.

Figure 11: Energy diagram of calculated energies ([kJ mol-1]) of conformations of 1
(experimental values in brackets).

3.3 Fluorenylidene stator
Upon examination of the conformations of compound 2 at the same theory
level, it is found that conformation 2b is unavailable for fluorenylidene stator parts
(Figure 12). This confirms earlier studies on similar structures,2,15 in which the twisted
conformation 2c was identified as the higher energy conformer featuring a twisted
geometry and an equatorial orientation of methyl group at the stereogenic centre. The
only transition state in this pathway is 2(TS1), in which the naphthalene part passes
the lower half by an upper half ring flip. Isomer 2c has higher energy relative to 2a by
19.4 kJ mol-1, and 2(TS1) is calculated to have an energy 139.5 kJ mol-1 higher than
2c.
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Figure 12: Optimised structures of 2a, 2c and 2(TS1).
1

H NMR spectroscopic studies of compound 2 verified these calculated
results. Irradiation at λ = 365 nm resulted in a higher energy isomer, which returned
to the lowest energy geometry upon heating to 130 ºC overnight. The most stable
conformation was characterised as having the methyl group at the stereogenic centre in
an axial orientation with the coupling constants of the ring protons being 3JAB = 7.4 Hz
and 3JAC = 4.8 Hz (compare to Table 1). In the higher energy conformation the
methyl group adopted an equatorial orientation with 3JAB = 12.4 Hz and 3JAC = 3.9 Hz
(compare to Table 1). Other isomers were not detected. Isosbestic points identified by
UV/Vis-spectroscopy were indicative of a unimolecular equilibrium process (Figure
13).
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Figure 13: Left: UV/Vis-spectra for the unimolecular process of photoisomerisation of 2.
Right: Photoequilibrium and thermal isomerisation for compound 2.

The photochemical equilibrium for 2 was located almost quantitatively to the
side of the higher-energy isomer, as determined by 1H NMR spectroscopy (2c : 2a =
95 : 5). The rates of thermal helix inversion involved in conversion of 2c to 2a were
determined over the temperature range 125 ºC – 140 ºC by UV/Vis spectroscopy and
standard Eyring analysis provided the activation parameters for the process (Figure 14
and Table 4).
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Figure 14: Eyring plot for the conversion of 2c → 2a.
Table 4: Activation parameters for thermal helix inversion of motor 2, and the extrapolated
half-life time at room temperature.

2

Δ‡Gº
[kJ mol-1]
109.0

Δ‡Hº
[kJ mol-1]
85.6

Δ‡Sº
[J K-1 mol-1]
-79

t1/2
[h]
829

3.4 Thioxanthone stator
Calculations on 2nd generation molecular motor 3 comprising a
thioxanthylene stator part connected to a thiopyran rotor part,1 suggest that thermal
helix inversion is in fact a 2-step process (Figure 15 - Figure 17). The photochemical
product observed experimentally by 1H NMR (equatorial orientation of the
stereogenic methyl group, 3c) is calculated to have a higher energy than the lowest
energy conformational isomer by 19.3 kJ mol-1 (Figure 17). The first step for thermal
helix inversion to return to the most stable conformation goes via 3(TS1), in which
the naphthalene part of the rotor flips over the lower half. This pathway has a high
Gibbs energy of activation and results in a twisted local minimum on the potential
energy surface with an overall syn-folded geometry (3b). In this conformation the
strain of the formally twisted, syn-folded geometry is partly relieved by the high degree
of folding. The intermediate 3b cannot be observed experimentally because the second
thermal process has a much lower activation energy. It involves a lower half ring-flip,
in which the stereogenic methyl group (or more specifically, the proton on the methyl
group which is closest to the stator) passes the stator. It is represented by 3(TS2) in
Figure 15. Theoretically the order of the two processes via 3(TS1) and 3(TS2) can be
inverted, but this results in higher activation energy for the rate determining step,
rendering this pathway unavailable.
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Figure 15: Conformations of 2nd generation motor 3 optimised with DFT B3LYP 6-31G(d,p).
From left to right anti-folded Meax (lowest energy) conformation 3a, anti-folded Meeq
conformation 3c (E=19.3 kJ mol-1), transition state for going from 3c to 3b (E = 127.4 kJ
mol-1), syn-folded, formally twisted Meax isomer 3b (E = 15.7 kJ mol-1), transition state for
going from 3b to 3a (E = 65.0 kJ mol-1).

Figure 16: Schematic Newman projections of 3a – 3c.

Figure 17: Calculated energy levels ([kJ mol-1]) of several possible isomeric forms of molecular
motor 3.

3.5 Cyclopentylidene rotor
Calculations similar to those for 3 were performed on motor 4 (Figure 2),
which was introduced in chapter 2 as a motor capable of 3 MHz rotation under
suitable irradiation conditions. It was found that 4 adopts similar ground state
conformations as observed for the other motors in this chapter with flexible stator
parts. In the most stable conformation, the structure takes on an anti-folded
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conformation with the methyl group in an axial orientation (4a). A higher energy
conformation was identified as being twisted, with the methyl group at the stereogenic
centre in an equatorial orientation (4c, E = 14.9 kJ mol-1). A third minimum was
found to have a syn-folded conformation with the methyl group oriented in an axial
orientation, and with an energy only slightly higher than that found for the most
stable conformation (4b, E = 0.8 kJ mol-1). Although the higher energy conformation
with an axial orientation of the methyl group 4b adopts a syn-folded conformation
corresponding to the conformation found for 1b and 3b, it cannot be described as
being formally twisted. Likewise, the higher energy conformation with an equatorial
orientation of the methyl group 4c adopts a twisted conformation, in contrast to the
anti-folded conformation in 1c and 3c.
Further complication arises from the lack of data on the conformation of the
experimentally observed species, as the only way to obtain these is by 1H NMR
spectroscopy, which is not possible for this structure (chapter 2). In a related system
with a cyclopentylidene rotor the upfield shift observed for the unstable form has been
interpreted as representing a (pseudo-)equatorial orientation of the methyl group at
the stereogenic centre.15 In the case of compound 4, no such data are available. DFTanalysis of the transition states between the stable isomers however provides some
insight in how this structure supposedly behaves upon irradiation (Figure 18). The
transition state 4(TS1) for conversion of 4c to 4b has an energy only 2.1 kJ mol-1
higher than 4c. As a result, conversion of 4c to 4b should occur almost
instantaneously. On the other hand, the transition state 4(TS2) for conversion of 4b
to 4a has an energy of 30.6 kJ mol-1 relative to 4b, which is similar to that observed
experimentally (chapter 2). However, the minute energy difference between 4b and 4a
ensures that at room temperature, both states are populated approximately equally.
With that in mind we can derive what is most likely happening during the cycle of
rotation for this structure.
As it is known that the barrier to thermal cis – trans isomerisation is
approximately 107 kJ mol-1 by 1H NMR spectroscopy (chapter 2), a high energy
transition state is present between 4a and 4c. Photochemical cis - trans isomerisation
has been confirmed for this structure both at low and at ambient temperatures. On the
basis of above DFT data, the high-energy barrier to thermal cis-trans isomerisation can
only be located between 4a and 4c, similar to what has been found before for
overcrowded alkene-based molecular motors. As a higher energy intermediate is
observed upon irradiation, and because intermediate 4b is readily available by thermal
equilibrium before the start of irradiation, it is most likely that the product of
photochemistry is the twisted isomer 4c. This would then convert
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Figure 18: Conformations of 2nd generation motor 4 optimised with DFT B3LYP 6-31G(d,p).
From left to right anti-folded Meax (lowest energy) conformation 4a, twisted Meeq
conformation 4c (E=14.9 kJ mol-1), transition state for going from 4c to 4b (E = 17.0 kJ mol1
), syn-folded Meax isomer 4b (E = 0.8 kJ mol-1), transition state for going from 3b to 3a (E =
31.4 kJ mol-1).

immediately to isomer 4b (barrier 2.1 kJ mol-1); at a temperature where the transition
state 4(TS2) cannot be crossed at considerable rate this results in an enrichment of the
system in 4b. This explains the minor change in the UV/Vis-absorption spectrum
observed upon irradiation at low temperature, while at the same time, given the
already inverted nature of the helicity of 4b relative to 4c, it provides an explanation
for the rather flat CD-curve obtained when irradiating 4 at low temperature.
This mechanism has a profound effect on the efficiency of molecular motor 4.
About 50% of all molecules remains in the 4b conformation upon cooling before the
start of irradiation. Because it is not known how 4b responds to photochemical

Figure 19: Calculated energy levels ([kJ mol-1]) of several possible isomeric forms of molecular
motor 4 (experimental values in brackets, chapter 2).
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isomerisation, it will have to be assumed that the rotation efficiency is decreased by
anywhere between 0 and 50%. At the same time it is unavoidable that
photochemically excited 4b has some form of relaxation to the ground state.
Therefore, it is predicted that when studying irradiated solutions of 4 carefully, two
processes will be observed; the first is representative of the unidirectional relaxation
pathway as described in chapter 2, the second will be representing the means of
excited state relaxation of 4b.

3.6 Discussion
From the above empirical observations we arrive at the following mechanism
for the thermal helix inversion of compound 1. Photochemical cis – trans
isomerisation of the most stable anti-folded conformation 1a results in the syn-folded
isomer 1b with the stereogenic substituent remaining in an axial orientation (Figure
20). The most stable conformation 1a can be reformed by a ring-flip of the lower half
via 1(TS2), starting from 1b. Furthermore, the syn-folded isomer 1b is in thermal
equilibrium with the anti-folded isomer 1c, which has its stereogenic substituent in an
equatorial orientation, via an upper half ring flip involving 1(TS1). The availability of
both conformers allows the motor to function by photochemical cis - trans
isomerisation followed by lower half ring interconconversion from a syn to an antifolded conformation. Therefore, the methyl group at the stereogenic centre is not
required to adopt the more hindered equatorial orientation in order to complete a full
half cycle, although it does so via the side equilibrium with 1c. This is in stark contrast
with what has been reported for the mechanism of 2nd generation molecular motors
described previously. In all cases studied so far, the outcome of the photochemical
reaction involved a structure with its stereogenic substituent oriented in an equatorial
orientation (conformation c). The main difference of the mechanism of thermal helix
inversion of 1 in comparison with other motors (including 2 – 4) is therefore the
initial photoproduct that has its methyl group oriented in an axial orientation. With
all conformations available for thiopyran upper half motors present in 1, the different
photochemical product allows us to study the mechanism experimentally in greater
detail than was possible thus far.
For the two thermally unstable isomers, the higher energy of the anti-folded
isomer 1c relative to the syn-folded isomer 1b is in contrast to the results on bibenzocyclohepten-5-ylidene,9 for which the anti conformer is lower in energy than the
syn folded conformer. This is in complete agreement with our experience for
molecular motors, as in all motor systems studied the equatorial position of the
stereogenic methyl raises the energy with respect to axial orientation by steric repulsion
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Figure 20: Proposed mechanism for one half rotation for molecular motor 1.

with the stator. Therefore, we observe full agreement of these calculated data with our
experimental observations, in support of the mechanism presented in Figure 20.
With respect to 3, in previous work only one higher energy conformation has
been observed experimentally, in which the stereogenic substituent was oriented in an
equatorial orientation. However, the calculations in the present study suggest that this
process is actually a 2-step process, similar to that observed for 1. The difference in
relative energies of the two transition states TS1 and TS2 preclude observation of the
second conformation 3b (Figure 17). Analysis of the representations of the minima
and maxima on the potential energy surface indicate that the overall conformations for
a, b, c, TS1 and TS2 are the same in 1 and 3. The most stable conformation a is
described by an anti-folded geometry, with the methyl at the stereogenic centre
oriented axially. Two higher energy conformations can be distinguished, with c being
the highest in energy. It is represented by an overall anti-folded geometry, with the
methyl at the stereogenic centre oriented equatorially. This conformation is the same
as the one described in previous work concerning the mechanism of thermal relaxation
during rotation of 2nd generation molecular motors. However, the thermal relaxation
process involves another minimum on the reaction coordinate, one that so far had not
been observed experimentally. This conformation b is characterised by a formally
twisted, syn-folded geometry, with the methyl at the stereogenic centre oriented
axially. This conformation, which is observed experimentally only for 1 and 4, is
unavoidable in the thermal relaxation pathway to the lowest energy conformation a.
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In case of 2 only one higher energy conformation is observed. This can be
attributed to the absence of low-energy folding possibilities for this structure. For this
reason, the higher energy conformation with the methyl at the stereogenic centre
oriented in an equatorial orientation comprises a twisted geometry, to minimise steric
repulsion with the lower half (Figure 12).
For 4, similar conformations are found, although in this case conformation c
is severely twisted and converts to conformation b nearly barrierlessly. Conformation
4b, not twisted in this case, has a barrier that allows for trapping of the unstable form
by cryogenic techniques, although it is present at room temperature by a thermal
equilibrium, reducing efficiency (Figure 18 and Figure 19).
Based on the experimental data and calculations shown above we arrive at a
general pattern for the higher energy structure in the rotation process of 2nd generation
light-driven molecular motors with thiopyran upper halves. Motors having 5, 6 and 7
ring stators, connected to a 6-ring thiopyran rotor, are distinguished.
Cyclopentylidene rotors are left out of this consideration due to slightly differing
conformations. We find that a 5-ring (fluorenylidene) stator reduces the flexibility of
the total structure overall, making isomer c inaccessible. Therefore the photochemical
product is defined by the twisted conformation b, which via one transition state TS2
involving an upper half ring flip can regain the lowest energy conformation a. Stators
with a central 6-ring (3) or 7-ring (1) have one higher degree of conformational
freedom, which results in two higher energy isomers, only one of which is generally
observable experimentally. Syn- and anti-folded conformations can be distinguished;
the anti-folded orientation being higher in energy due to an equatorial orientation of
the stereogenic substituent.
However, the actual mechanism of rotation for these structures varies with the
initial photochemical product after cis-trans isomerisation. For the central 6-ring
(thioxanthene) stator (3) the photochemical product is the overall anti-folded
conformation with an equatorial orientation of the methyl group (3c). For a central
unsaturated 7-ring (suberene) stator (1) the photochemical product is represented by
the overall syn-folded conformation, with the methyl group at the stereogenic centre
still in an axial orientation (1b). The positions of the photochemical equilibriums
differ considerably though, possibly because of large energy differences between the
minima on the excited state energy surface. For both structures similar thermal
pathways via similar transition states TS1 and TS2 are available. A difference is the
large change in energy of the transitions states that govern the thermal conversion back
to the most stable conformation a (Figure 21), which results, in most cases, in only a
single isomer being observed experimentally.
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Figure 21: Comparison of the photochemistry and relative thermal stabilities for isomers of 1,
2 and 3. Relative energies and transition states are not to scale.

Re-analysing the activation parameters obtained for other structures, we see
that in contrast to literature,14 the influence of the distance of the bond length C – Y
on the isomerisation barrier of molecular motors is much less clear. Although the C-YC distance is a major factor in determining the actual degree of steric interaction in the
fjord region, which is perceived as an important factor in determining the rate
determining step for thermal helix inversion, this effect is partly negated by
conformational flexibility. This can be seen in Table 5. The rate of thermal helix
inversion increases when changing from fluorene to suberene to xanthene, with the
rates for dimethylanthracene and thioxanthene generally being comparable. The
relatively low barriers associated with a central ring flip in these moieties is assumed to
be the origin of this effect. Higher barriers are associated with inflexible stator parts;
systems with the slowest process of helix inversion comprise fluorenylidene stators.
Table 5: Gibbs energy of activation Δ‡Gº for 2nd generation molecular motors ([kJ mol-1])
related to the distance d between the carbon atoms connected to the central bridging atoms X
and Y.

X
O
CH2
S

Y
d [Å]
1.54
2.34
2.48
2.75

S
2.64
34
106a
92
106

CMe2
2.46
27
81a
94
106

O
2.33
42
67a
n.d.c
100

suberene
3.0
84
69a
103
101

a) ref 16. b) ref 17 c) n.d.: not determined. d) ref 18.
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3.7 Conclusion
A new mechanism for thermal helix inversion has been identified for a
dibenzocyclohepten-5-ylidene molecular motor. The lower energy of the transition
state between both higher-energy conformations, in combination with the higher
energy transition state for lower half ring flip has been identified as the reason for the
experimental observability of the full process of thermal helix inversion for this
compound. During its rotation cycle the stereogenic substituent of this new motor is
not required to adopt a more hindered equatorial orientation as was the case in all
previous examples, although it does so by a side-equilibrium. Comparison of this
mechanism with data on other molecular motors allows for a generalisation of the
mechanistic pathway of helix inversion.
One stable and two higher energy conformations can be distinguished, with
similar pathways connecting them. Fluorenylidene stators are different because these
can only attain one higher energy ‘twisted’ conformation and cyclopentylidene rotors
result in a higher degree of twist over the central double bond in a similar fashion.
Photochemical cis - trans isomerisation results in one of the higher energy structures,
after which thermal pathways govern conversion to the lowest energy conformation.
The conformational flexibility of the lower half is more important for the rate of
thermal helix inversion than the C-Y-C bond length, which is due to extra flexibility
in the transition state.

3.8 Experimental section
Equipment and setup
1

H NMR spectroscopic experiments were performed on a Varian Unity Plus operating at 500
MHz, and relative amounts of isomers calculated by integration. Irradiation was performed in
toluene-d8 (reference Me at δ 2.09 ppm) using a Spectroline ENB-280C/FE UV lamp at 312
or 365 nm, at room temperature or using a cryostatic bath as required. UV/Vis-spectra were
measured on a Hewlett-Packard HP 8543 FT Spectrophotometer equipped with a Quantum
Northwest Peltier-cooled temperature controller for temperatures below 100ºC, with
appropriate bandpass or cut-off filters in the beam to minimise photochemistry during
measurement. For the high-temperature (>100ºC) measurements a Jasco V-630
Spectrophotometer equipped with a homebuilt cell holder connected to an ethylene glycol
thermostatic bath was used.
Calculations were carried out with the Gaussian 03W (rev. C.02) programme package 19 using
the density functional hybrid theory system (B3LYP). Geometry optimisations were performed
using 6-31G(d,p) basis set, and were followed by frequency calculations to confirm that real
maxima or minima on the energy surface had been reached. Single point energies on optimised
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structures were performed using a 6-31G(d,p) basis set. Reaction path mapping was performed
to verify that no minima were excluded.

Synthesis and characterisation
The compounds were prepared according to standard Barton Kellogg methods; the procedure
to prepare 1 and 3 is described in ref 1, the procedure for preparation of 2 has been described
in ref 20; for compound 4 the same procedure as for 2 was used, which has been described in
chapter 2.
1: 1H NMR (CD2Cl2, 400 MHz) δ7.64–7.35 (m, 8H), 7.24-7.07 (m, 5H), 6.80 (dt, J = 7.5,
1.5 Hz, 1H), 6.64 (dt, J = 7.5, 1.5 Hz, 1H), 6.50 (d, J = 8.1 Hz, 1H), 3.78 (m, 1H), 3.54 (dd,
J = 11.7, 8.1 Hz, 1H), 2.79 (dd, J = 11.7, 4.8 Hz, 1H), 0.70 (d, J = 7.0 Hz, 3H). 13C NMR
(CD2Cl2, 400 MHz): δ141.4 (C), 138.2 (C), 138.0 (C), 137.2 (C), 136.2 (C), 135.7 (C),
134.7 (C), 133.6 (C), 132.2 (CH), 131.8 (C), 131.6 (CH), 131.5(C), 128.6 (CH), 128.5
(CH), 128.4 (CH), 128.4 (CH), 128.2 (CH), 127.7 (CH), 127.5 (CH), 127.2 (CH), 127.1
(CH), 126.4 (CH), 126.2 (CH), 125.9 (CH), 125.5 (CH), 124.8 (CH), 37.9 (CH2), 34.5
(CH), 19.9 (CH3). m/z (EI, %) 402 (100), 387 (12), 185 (13); HRMS (EI): calcd for C29H22S
402.1442, found 402.1453.
2: 1H NMR (400 MHz, CDCl3) δ8.08 (dd, J = 6.2, 2.6 Hz, 1H) 7.61-7.57 (m, 2H), 7.877.83 (m, 3H), 7.79 (dd, J = 6.2, 1.5 Hz, 1H), 7.43-7.40 (m, 2H), 7.36 (dt, J = 6.6, 1.1 Hz,
1H), 7.22 (dt, J = 7.0, 1.5 Hz, 1H), 7.30 (dt, J = 7.3, 0.7 Hz, 1H), 6.53 (dt, J = 8.4, 1.1 Hz,
1H), 5.70 (d, J = 8.0 Hz, 1H), 4.73-4.81 (m, 1H), 3.36 (dd, J = 12.1, 7.3 Hz, 1H), 2.60 (dd, J
= 12.4 7.7 Hz, 1H), 1.39 (d, J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 142.1 (C),
141.3 (C), 139.7 (C), 137.8 (C), 137.6 (C), 136.8 (C), 134.2 (C), 133.3 (C), 132.1 (C),
128.3 (CH), 128.2 (CH), 127.8 (CH), 127.3 (CH), 127.2 (CH), 127.1 (CH), 127.0 (CH),
126.7 (CH), 125.4 (CH), 125.2 (CH), 125.0 (CH), 124.6 (CH), 119.8 (CH), 118.8 (CH),
39.0 (CH2), 37.3 (CH), 18.6 (CH3), one (C) signal was not observed; m/z (EI, %) = 376
(100), 334 (87.5), 198 (24.8); HRMS (EI): calcd. for C27H20S: 376.1271, found 376.1286.
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Effects and properties of continuous
solution-phase motor rotation
In this chapter an investigation of the effects of continuous irradiation on the molecular
self-diffusion of molecular motors is described. Self-diffusion of molecular motors, both
rotational and translational, has been studied by a combination of confocal fluorescence
correlation spectroscopy and NMR techniques. The results reveal that irradiated and nonirradiated bulk solutions of molecular motors behave identically. A possible reason why a
difference in behaviour is not observed can be taken from a photo kinetic analysis, which
indicates that the overall rate of motor rotation under continuous irradiation conditions is
much less than one would expect. New concepts concerning the limiting factors determining
the overall rotation rate of molecular motors are introduced, and boundary conditions for
future experiments are defined.

Parts of this chapter will be published:


Klok, M.; Feringa, B. L., manuscript in preparation.

Chapter 4

4.1 Introduction
With a view to controlling motion at the molecular level, the use of motor
rotation to influence self-diffusion of molecular motors is a logical first step. It has
been demonstrated by Gaub that photoisomerisation of double bonds can exert work
on a molecular scale by switching azobenzene moieties in a polymer backbone to pull
on an AFM cantilever. 1 Similarly, it has been demonstrated that azobenzene moieties
can be used to convert chemical energy to rotational mechanical energy on a
macroscopic scale by irradiation of an azobenzene polymer belt. 2 Furthermore, cis –
trans isomerisation of molecular motors in an LC environment results in work being
performed on micro-objects on the surface of the LC. 3 On this basis it can be assumed
that the motion associated with cis – trans isomerisation of molecular motors can
perform mechanical work on the surroundings. In most cases, this will not be
observable as the amount of work is negligible compared to random Brownian
motion. However, with rotation rates available that allow for MHz rotation under
suitable irradiation conditions, it is conceivable that some mechanical energy can be
used to alter the diffusive properties of molecular motors.
It has been shown that the rate of diffusion can be influenced using molecular
motion under certain conditions. 4 In this work, mesoporous silica was functionalised
with azobenzene (1 molecule per 17 nm2, approximately 4 nm spacing between
molecules) on the inside of the pores, and it was shown that repetitive photochemical
cis - trans isomerisation results in a marked increase in the release of cholesterol guest
molecules from the silica host. This was done most efficiently by simultaneous UV (λ
~ 360 nm, 80 mW) and Vis (λ ~ 430 nm, 54 mW) irradiation. In section 1.6 an
elaborate description of the claims in this paper concerning a stirring effect, and
arguments against them, has been given.
Despite the apparent absence of a molecular stirring effect in these
experiments, it can be expected that inside silica mesopores any increase in molecular
motion (apart from omnipresent Brownian motion) has a much larger effect on the
diffusion rate of guest molecules than it would have in normal 'bulk' solution. As two
degrees of directional freedom are effectively cancelled in the mesopore, and the space
confinement limits entrance and exit of an arbitrary measurement volume to the
entrance of the pore, the average diffusion-related displacement will be lower inside
the pore than free in solution. Experimental research is in support of this analysis: in a
study concerning the pore-size dependence of n-hexane self-diffusion Asmussen and
Baumert found that smaller pores in mesoporous silica gels lead to lower diffusion
coefficients and associated higher activation energies for translational diffusion. 5

120

Effects and properties of continuous solution-phase motor rotation

Their result is in correspondence with diffusion theory. 6 In 1855, 26 years
after Thomas Graham had done a series of quantitative diffusion measurements,
Adolf Fick developed a theoretical law of diffusion by analogy with Fourier's law for
heat transduction and Ohm's law for electricity. Fick described the flux of matter as
proportional to the gradient of its concentration, with the proportionality constant
being substance-dependent. He was able to extract diffusion coefficients based on
Graham's data with errors of less than 5%, and a separate series of experiments
established the validity of his theory. 7 Nowadays, Ficks law of diffusion is generally
written as
−
∂ −
c( x, t ) = D∇ 2 c( x, t )
∂t

1

In this expression, c is concentration, t is time and x represents the average position of
a particle (∇ is a differential operator for vector calculation). The proportionality
constant is written as D, commonly coiled the diffusion coefficient [cm2 s-1]. In other
words, in bulk solution in three dimensions (x, y, z) the dependence of concentration
of a substance in time is given by

⎛ ∂ 2c ∂ 2c ∂ 2c ⎞
∂ −
c( x, t ) = D⎜⎜ 2 + 2 + 2 ⎟⎟
∂t
∂y
∂z ⎠
⎝ ∂x

2

A second means of studying diffusion is through considering the random walk
of small particles, first observed by Robert Brown, 8 to whom the term Brownian
motion refers. It wasn't until Einstein however that a mathematical framework to
describe the random walk was developed. In a series of papers Einstein related the
diffusion coefficient D to the root mean square displacement R via the diffusion time
τd. 9

〈 R 2 〉 = (nDτ d )

3

In this expression, n = 2, 4, 6 for, respectively, one-, two- and threedimensional diffusion. In addition the diffusion coefficient D is related to geometry
and viscosity as well. So for a spherical particle, with radius r in a medium of viscosity
η, the following relationship holds 10

D=

k BT
6πηr

4
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However, this expression becomes complicated with particles of another shape
than spherical, as hydrodynamic friction varies with the shape of the particle. For this
reason it is customary to approximate diffusing species as being spherical where
possible. For a further discussion of diffusion theory, see chapter 1.
From equation 3 it becomes apparent that the diffusion coefficient D has a
lower value in one dimension than it does in three dimensions. In two dimensions, as
is the case for non-covalent binding of a diffusing species on a surface, the diffusion
coefficient will be between these two values. As the value of the diffusion coefficient is
proportional to the root mean square velocity of the diffusing particles, it is clear that
the mean displacement is lower inside a linear pore of restricted diameter than it is in
bulk solution. For this reason, extra molecular motion introduced by photochemical
isomerisation should have a relatively larger effect inside a small and confined 1dimensional volume than in free solution.
In this chapter, studies aimed at investigating the diffusion properties of
molecular motors will be described. Because of the high degree of uncertainty
associated with Fujiwara's experiments these will not be considered for adaptation
with molecular motors. Instead, attempts will be made to measure diffusion rates of
molecular motors in bulk solution in the dark and under irradiation.

4.2 Translational diffusion using Confocal Fluorescence Correlation
Spectroscopy
4.2.1 Theory

Figure 1: Confocal FCS setup and data analysis (adapted from ref 11d).
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A convenient technique for the measurement of diffusion coefficients is
fluorescence correlation spectroscopy (FCS). This technique is common in biology in
the study of the behaviour of (fluorophore-labelled) proteins and biomolecules, either
in a cell or in (aqueous) solution. 11 Using a confocal microscope with an excitation
volume of about 10-15 l and using sub-nanomolar sample solutions the average number
of molecules present in the excitation volume is around 1. Diffusion leads to
molecules entering and leaving the excitation volume, and a fluorescence detector
counts the number of fluorescence events per unit time. Statistical treatment of the
pattern of fluorescence using temporal autocorrelation analysis provides the diffusion
time τd, which is the average time it takes for a molecule to traverse the excitation
volume. It is inversely proportional to the diffusion coefficient D. A series of
instrument-dependent variables allow for determination of the diffusion coefficient D
[μm2 s-1] from τd [ms] according to the following equation (with the present
instrument):

D=

8.1

τd

5

4.2.2 Fluorophore-substitution of molecular motors
In order to study diffusion processes with FCS, a fluorophore-substituted
motor is required. Several approaches can be envisioned, but a proven method of
motor functionalisation involves double functionalisation via the central carbon atom
of a dimethyldihydro-anthracene stator. 12 As was described in chapter 2, a
cyclopentylidene rotor attached to this stator results in a rate for the thermal step in
the order of 107 s-1, although this rate could not be precisely determined. As high rates
of rotation are required to expect any influence of rotation on the molecular selfdiffusion, molecular motor 1 seems a viable option for functionalisation with
fluorophores, despite inability to verify the unidirectionality of rotation for the
unsubstituted structure 7 (Figure 5, refer to chapter 2 for a description of the
photochemical and thermal behaviour. Motor behaviour has been verified for a series
of related structures, as has been described there). Therefore, molecular motor 1 13 was
reacted with 3-hydroxy-functionalised Nile Red via a DCC-coupling procedure
(Scheme 1). 14 The functionalised fluorophore 3-hydroxy Nile Red 5 was prepared by
published procedures from 2,7-dihydroxynaphthalene 3 and 5-dimethylamino-2nitrosophenol 4. 15
These procedures resulted in the isolation of compound 2. Despite an
instability to common chromatography supports, a combination of flash column
chromatography and precipitation resulted in small quantities of 2. The compound
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could be characterised with common NMR-spectrocopic methods, as well as Maldimass spectrometry. The presence of two rather than one fluorophores was verified by
this technique, and similarly by UV/Vis-spectroscopy (vide infra). 1H and 13C NMR
spectroscopy indicated that the two Nile Red moieties reside in a different
environment.
The choice for this position of functionalisation was based on the assumption
that maximisation of the separation between fluorophore and motor reduces the level
of energy transfer (ET) between motor and fluorophores. With this position for
functionalisation, and the use of two fluorophores rather than one, it was expected
that steric interactions would direct the fluorophores away from the molecule. The
possibility of ET between both fluorophores is not expected to have much effect on
the fluorescence of the total structure. The main interest was to prevent the quenching
of motor function by the fluorophores, in which case the quantum yield of cis – trans
isomerisation could be reduced significantly. In the worst-case scenario of highly
efficient energy transfer this quantum yield could drop to zero, precluding all motor
function.
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Scheme 1: Synthesis of the 3-hydroxy Nile Red (HO3NL) functionalised molecular motor 4.2.
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4.2.3 Fluorescence Correlation spectroscopy
A confocal microscope with FCS functionality was used in collaboration with
dr. Victor Krasnikov from the Ultrafast Laser and Spectroscopy Laboratory of the
University of Groningen. This setup, most commonly used in the study of
fluorophore – functionalised proteins and biological molecules, relies on the high
surface tension of water for the preparation of samples. For the experiments described
here it was adapted for use with organic solvents by use of a new sample holder.
Modification of common microscope slides with a 10 mm hole allowed for thin quartz
cover plates to be attached by PTFE paste. As a completely flat surface of the cover
plates is essential for proper measurements, more solid attachment methods were not
readily available. Despite their simplicity, these sample cells, filled with 10-9 M sample
solution, held remarkably well if the layer of PTFE paste was thin enough. Covering
of the cell with an extra microscope cover plate prevented evaporation of the sample
solution during measurement. A water-cooled 300 W high-pressure Xe lamp equipped
with filters that allow the passing of all wavelengths between 220 and 500 nm was
directed at the sample at a 40º angle, with the centre of the beam coinciding with the
sample volume. It could be switched on or off as required.

Figure 2: Sample plates for use with organic solvents in confocal FCS setup.

Diffusion times τd of compound 2 were determined using this setup, by
measuring the diffusion with and without irradiation. Experiments were performed by
alternating dark and irradiation periods, and determining the diffusion time in each
period. The sample was replaced with a fresh sample every four measurements, and
this was repeated several times with different sequences for irradiation and dark
experiments, with the aim of excluding effects of variation in temperature as false
positives. Two solvents were used; p-xylene as a non-viscous environment (η = 0.65
cP) and nujol oil as a more viscous medium (η = 32 cP). Other solvents were
employed (Et2O, DCM, EtOH), but failed to deliver reproducible results due to
leakage/evaporation from the sample cell.
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In p-xylene, an average diffusion time of 25.1 ms was obtained over a total of
8 dark determinations, whereas 25.5 ms was obtained with irradiation. This relates to
diffusion coefficients D of 0.32 ± 0.03 μm2 s-1 and 0.32 ± 0.03 μm2 s-1, respectively,
the errors being determined by statistical analysis of the data. Thus it is concluded that
no influence on the self-diffusion of molecular motors is observed (Figure 3 and 4).
A series of experiments in nujol oil gave similar results. Despite the higher
viscosity, diffusion is about twenty times faster in this medium, as is concluded from
the average diffusion time of 0.92 ms under dark, and 0.93 ms under irradiated
conditions. Over 20 determinations, the diffusion coefficients did not show a
significant effect of irradiation on the self-diffusion of motor 2 (dark: D = 8.9 ± 0.7,
irradiation: D = 8.7 ± 0.7 μm2 s-1, Figure 4). Experiments with the irradiation source
at a higher angle or removal of the cover glass did not change these results.
b
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Figure 3: a) Diffusion coefficients D in p-xylene for diffusion of 2 under irradiated and dark
conditions and b) quotient of the diffusion times τd.
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conditions and b) quotient of the diffusion times τd.
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It is of interest to note that in nujol oil, which has much higher macroscopic
viscosity than p-xylene, diffusion is 27 times faster, contrary to expectation. An
explanation for this phenomenon may rest in favourable intermolecular π – π stacking
interactions of p-xylene with the motor and fluorophores. Nujol oil does not provide
the possibility for such interactions. Despite the high (macroscopic) viscosity of nujol
oil, the microviscosity experienced by the solute is therefore much smaller, due to the
high flexibity of long alkane chains that have little interaction with the motor.
An effect of motor rotation on the molecular self-diffusion of fluorophoresubstituted molecular motor 2 was not observed. A series of possible explanations can
be summarised as follows:






low intensity of irradiation inside the sample
intramolecular resonance energy transfer to (partly or completely)
quench the motor function
an 'anchor effect', which represents the possibility that the motor
displays an increased rate of diffusion which is not transferred to the
covalently attached fluorophores.
physical impossibility, meaning that this system is simply not capable
of increasing its own diffusion by rotation of one half of the motor
relative to the other.

Assuming that it is possible to influence molecular self-diffusion by internal
molecular motion, the first three explanations represent possible reasons that we do
not observe it. In the following sections further studies will be presented, with the aim
to rule out or validate these points as important factors in the effect of motor rotation
on molecular self-diffusion.
4.2.4 Fluorescence Resonance Energy Transfer
Cryogenic photochemical experiments similar to the ones described in chapter
2 were attempted to study the effect of fluorophore substitution on the
photochemistry of the molecular motor. UV/Vis-difference spectra of compound 2 in
propane solution at very low temperature should result in some conversion to an
unstable form if the motor still functions, although partial ET could decrease the rate
of photoconversion. Because the compound proved to be completely insoluble in
isopentane, DCM was used as the solvent for dilution with propane. However, even
with up to 10% DCM in propane full precipitation of 2 from solution at 200 K was
observed (see experimental section of chapter 2 for details on the sample preparation
of propane solutions). Other attempts to perform cryogenic experiments (e.g. using
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organic glasses, see chapter 5) did not result in UV/Vis-absorbance of the sample
solution at low temperature, and as a result direct verification of the photochemical
activity of motor 2 could not be performed.
UV/Vis spectroscopic measurements of acetylated 3-hydroxy Nile Red 6,
prepared by a similar procedure as used for 2 in 80% yield,14 proved that both acid
groups of 1 had been functionalised with Nile Red moieties in 2, as was confirmed by
mass spectroscopy previously (experimental section). The UV/Vis spectrum calculated
from motor 7 and 2 equivalents of compound 6 displays near complete overlap with
the UV/Vis spectrum of compound 2 (Figure 6). The exact overlap of the
(normalised) emission spectra indicates that no significant change in fluorescence
properties is observed. However, when compared to the absorption spectrum,
corrected excitation spectra display perfect overlap both in the case of acetylated Nile
Red 6 as in the case of the Nile Red-functionalised motor 2. This indicates that the
extra absorption band at 355 nm due to the presence of 7 is fully visible in the Nile
Red excitation spectrum. In other words, all light absorbed by the motor is used for
fluorescence, providing an efficient energy transfer between motor and fluorophores.
On this basis, it must be assumed that the motor does not display significant levels of
photochemical cis – trans isomerisation. For this reason, it is expected that
fluorophore-substituted molecular motor 2 does not display rotation behaviour under
the conditions used for the diffusion experiments, explaining the results observed.

N
N
O

O
O
O
6

7

Figure 5: Reference compounds for fluorophore-substituted motor 4.2, AcO-3NL 6 and
motor 7.

In a separate experiment, the fluorescence quantum yield of 2 was determined
following a procedure of Horiba Jobin Yvon. 16 Using Rhodamine 6G as a reference
compound, 17 a fluorescence quantum yield of 0.44 was obtained for compound 2 in
DCM. Although quantum yields for 2- or 3-hydroxy derivatives of Nile Red are not
available, this value corresponds well with that obtained for unsubstituted Nile Red in
MeOH (0.38), and a series of water-soluble 2-hydroxy Nile Red derivatives in EtOH
(0.56, 0.43 and 0.42). 18 For this reason, it is assumed that the functionalisation,
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Figure 6: UV/Vis and normalised emission spectra in DCM at 298 K of separate components
6 and 7, and comparison of the calculated spectrum with the (measured) experimental
spectrum of 2 (emission spectra λexc = 520 nm).
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Figure 7: Comparison of the excitation and normalised absorption spectra in DCM at 298 K
of AcO-3NL 6 and motor-di(O3NL) 2 (emission spectra λexc = 520 nm, excitation spectra λem
= 595 nm, QYmotor-di(O3NL) = 0.44).

despite its strong influence on motor function, does not affect the fluorescence of the
Nile Red moieties significantly.
An explanation for the efficiency of the energy transfer can be found in
molecular dynamics modelling. Although the use of 3-hydroxy Nile Red was inspired
by the possibility of the two Nile Red moieties being directed away from the motor
molecule, this turns out to be an incorrect assumption. Molecular dynamics modelling
using the Chem 3D programme package (200 ns, heating/cooling rate 1 kcal atom-1
ps-1, target temperature 300 K, followed by semi-empirical optimisation of the lowest
minimum) indicates that the moiety on the 'front' of the motor (the side of the
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methyl at the stereogenic centre) extends away as anticipated (Figure 8). The other
Nile Red moiety bends back upwards toward the motor, possibly as a result of
favourable π – π interactions with the phenyl rings of the stator unit (d = 3.9 – 5.1 Å).
This result provides an explanation for the efficient energy transfer between motor and
fluorophore, and at the same time rationalises the NMR spectroscopic data: protons
and carbons of the two Nile Red moieties are generally found to display significantly
different shifts (see experimental section).

Figure 8: Optimised structures for 2 using molecular dynamics simulations. A distinct
difference between the two Nile Red moieties is observed; one is oriented along the back-side
of the molecule, possibly through favourable π – π interactions, whereas the other one is
sterically hindered by the methyl substituent, and extends away from the motor.
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4.3 Diffusion experiments using NMR spectroscopic techniques
4.3.1 Pulsed Gradient SLED diffusion experiments
From the experiments discussed above it is apparent that light-driven motor
rotation can be quenched by fluorophores, and though this could be ameliorated by
e.g. a different fluorophore or a longer tail to attach it, such approaches suffer from
their own disadvantages. The experiment would be highly improved through a study
of the self-diffusion of molecular motors directly, without the influence of attached
groups. A possible approach is to use NMR spectroscopy, in combination with a
gradient magnetic field. A well-known example is DOSY spectroscopy, which requires
calibration of the probe with a standard and subsequently allows for exact
measurements of the diffusion coefficient D. As the main interest in this project is to
study the difference in diffusion under dark and irradiated conditions, full DOSY to
give exact diffusion coefficients is not necessary; relative diffusion coefficients will
provide data with similar reliability. In-probe irradiation on the other hand is
indispendible. At the SON-NMR-Large Scale Facility in Utrecht a 500 MHz
instrument with a temperature-controlled probe and excimer laser is available, and in
collaboration with dr. Rainer Wechselberger and Michiel Hilbers, experiments were
set up to determine relative diffusion coefficients using a Pulsed-Gradient SLED
sequence.
Diffusion in an NMR probe is determined by applying a gradient magnetic
field. This gradient is often calibrated to a standard, in which case diffusion
coefficients can be determined accurately (DOSY). In our case, use is made of a
gradient field that can be set to all values between 0 and 100%, for which reason only
relative values of D are obtained. In a basic setup, e.g. a pulsed gradient spin-echo
experiment, this means that the phase of the spin of an arbitrary proton in the
structure under investigation is shifted by a 90º RF pulse, followed by a magnetic
gradient pulse of duration δ and magnitude G at time t1. 19 The magnitude of the
phase shift Φ at the end of the first period of the pulse sequence is then equal to
(assuming a gradient in the z-direction):

Φ (τ ) = γB0τ + γG

t1 +δ

∫ z (t )dt
i

6

t1

The first term indicates the phase shift due to the static magnetic field, and the
second term is the phase shift arising from the gradient pulse. The next step is
application of a 180º pulse at time τ after the first 90º pulse, reversing all signs of the
spins. In the absence of diffusion, a second gradient pulse of the same sign and
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magnitude at time t1+Δ would restore the original signal, as now all spins have the
same orientation as originally. In the presence of diffusion however, the second
gradient pulse does not restore the full signal, as in the time between the two gradient
pulses molecules have repositioned themselves to a different position in the gradient
field, and the spins are not oriented such that the gradient field restores them to their
original value completely. A decrease in absolute intensity of the signal is the result.
Because with faster diffusion and/or stronger gradients this effect becomes larger, faster
diffusion results in more signal loss.
It has been shown that the dependence of absolute signal intensity I on the
gradient strength G can be represented by 20

⎛ I
ln⎜⎜
⎝ I0

⎞
δ
⎟⎟ = −γ 2 G 2δ 2 (Δ − ) D = −bD
3
⎠

7

in which the constant b is a factor governed by the different field strengths, time
intervals δ and Δ, and the gyromagnetic ratio γ. In experiments concerning a relative
increase in the diffusion coefficient D, a plot of ln(I/I0) vs G2 should therefore result in
a straight line through the origin, the slope of which is proportional to -D.
The NMR-spectroscopic toolbox abounds with variations on this basic
sequence; the LED sequence makes use of two 90º degree pulses rather than one 180º
pulse, and the time between is used for a separation of the effect of longitudinal (T1)
and transverse (T2) relaxation times from the diffusion time (STE sequence). In
addition, LED features two 90º pulses after the 2nd gradient pulse, allowing for a decay
of secondary effects of the gradient field while retaining the signal decay due to
diffusion. Basic one- and two-dimensional DOSY spectroscopy
makes use of this LED sequence. The SLED sequence, used in the
experiments described here, is an in-house built variant of that
sequence. However, the linear dependence of the signal decay
through ln(I/I0) on G2 is a common feature in all these sequences.
The experiments described above were performed in a Bruker
500 MHz NMR instrument along with an excimer CW laser
connected via a fibre-optic cable to the inside of a 1.8 – 3.8 mM
nitrogen-degassed toluene solution of molecular motors. The
concentrations used result in optical absorbances much higher than 1,
as is required due to the sensitivity of the NMR setup. The effect of
this high absorbance was reduced as much as possible by using
Shigemi-tubes and the minimum pathlength possible, i.e. 1 cm of
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sample volume in the middle of the probe. The laser delivered 16 mW 350 nm UVlight at the exit of the fibre, and was led directly into solution without having to pass
fibre-air or air-toluene interfaces. The probe temperature was set to 293 K. After the
diffusion experiments one-dimensional 1H NMR spectroscopy was used to verify that
photochemical degradation had not occurred.
A selection of motor molecules with rates for thermal helix inversion in the
range of 102 – 108 s-1 (Chapter 2) were used in these experiments. The structures used
are depicted in Figure 9, together with the extrapolated magnitudes for the rate of
thermal helix inversion and associated maximum rotation rates ωº under optimal
irradiation conditions at 293 K.
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Figure 9: Molecular motors and the associated rate constants for thermal helix inversion and
maximum rotation rates used in the Pulsed Gradient NMR-experiments on translational and
rotational diffusion.

Using the NMR setup described above, compounds 7, 8, 9 and 11 were
subjected to self-diffusion experiments. The high error in the determination of the
absolute integral at higher gradient strength proved to be of limiting importance in the
determination of the relative diffusion coefficients. All gradients were increased until
less then 2% of the original signal remained, but strong deviations from the linear
relationship occurred at higher gradient strengths. This is explained by the
requirement of using absolute integrals: the lower the signal-to-noise ratio in NMR,
the higher the relative error in the integral becomes. As a result, only the data obtained
for reasonable signal-to-noise were used in the analysis of the slopes, i.e. signal decay
ratios (I/I0) > 0.1.
The identity of the proton under investigation is trivial; in all cases the
cyclopentylidene ring protons and the group at the stereogenic centre were subjected
to analysis. Averaged values for different protons on the same structure resulted in
higher correlation, but in all cases no significant increase in the slope upon irradiation
was observed (Figure 10).
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Figure 10: Slopes of ln(I/I0) vs G2 for compounds 7, 8, 9 and 11 (averaged values), which are
directly proportional to –D. A difference in slope is not observed with or without irradiation.

4.3.2 Rotational diffusion from T2 relaxation times
A second means of studying diffusion of molecules is to study the T2
relaxation time, which can be measured by standard protocols. The transverse
relaxation time T2 reflects the time it takes for a molecule to 'tumble' through the
dynamic matrix of the solvent, and can therefore be used as a measure for rotational
diffusion. Rotation in this sense has nothing to do with rotation of the rotor of a
motor molecule relative to the stator; it merely describes the time it takes for an
average rotation of the full molecule in the medium by random thermal motion. It is
however conceivable that this time is affected by rotation of the rotor relative to the
stator, and for this reason T2 times were determined for a series of molecular motors in
the dark and under irradiation.
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The transverse relaxation time T2 is defined as the time constant for the
relaxation of the nuclear spin magnetisation component M perpendicular to B0. So if
B0 is oriented along the z-axis, the T2 relaxation time is the time constant for
relaxation of the spin magnetisation in the xy-plane. It is defined by
t

M xy (t ) = M xy (0)e − T2

8

From this relation it becomes apparent that after one time constant T2 the
spin magnetisation in the xy-direction has dropped to 37% of its original value. After
a long time (at t = ∞) the spin magnetisation vector is zero.
Because the T2 relaxation time measures spin relaxation in the xy-plane, it is a
measure of the random rotational motion of molecules. In principle, every particle
without symmetry will have three components for rotational diffusion. For instance,
for a two dimensional rod like a nanotube the rotational diffusion in the directions
perpendicular to the rod will be much slower than the rotational diffusion in the
direction along the rod (Figure 11). The two directions perpendicular to the rod will
however have the same value due to the symmetry of the rod, so that two values for
rotational diffusion are distinguishable. In practice however, the difference between
the perpendicular and parallel components can be measured only when there is a very
large difference between them. For non-symmetric, spheroidal particles like a motor
molecule only the value for rotational diffusion as the vector average over all directions

Figure 11: Dependency of T2 relaxation times on shape. Left spheroidal motor molecule 10,
right a carbon nanotube.
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can be measured. As a result, T2 relaxation directly reflects the average random
rotational motion of a molecule, and is a measure for the time it takes for the molecule
to tumble in the solvent matrix.
Relaxation of the spin magnetisation perpendicular to B0 is measured using a
similar principle as used for translational diffusion. In this case however, rather than
applying a gradient magnetic field and a fixed delay time, different delay times
between the 90 and 180º pulses are used. As can be seen from equation 8, different
delay times can be plotted vs. the logarithmic decay ratio ln(I/I0) to give a straight line.
As a result, a plot of ln(I/I0) vs. the delay time t will result in a straight line through
the origin, with the slope proportional to T2-1. This is part of standard macros
available in most NMR spectrometers, so that T2 measurements are usually
straightforward.
For molecular motors, transverse relaxation times were determined in degassed
toluene solutions at 1.8 – 2.2 mM, using the same experimental setup as for the SLED
translational diffusion experiments. The compounds used were introduced in chapter
2, and are displayed in Figure 9 as 7, 10 and 11. Every value found for T2 is an
average of two determinations, and determinations were recorded in blocks of four in
the sequence 1 (dark) – 2 (light) – 3 (light) – 4 (dark) with the aim of excluding
temperature effects. The results can be found in table 1. Due to time limitations on
the instrument, a data set suitable for a full statistical analysis could not be obtained.
However, even without statistical analysis the results clearly display that the spread in
values found for T2 is much larger than the effect of irradiation, if there is an effect at
all. A larger data set would have to be recorded for every compound in order to get
statistically valid data, but on the basis of these results the time investment required to
do so is not justified.
Table 1: T2 relaxation times reflecting the rate of rotational diffusion for selected motor
molecules at 293 K under dark conditions and under irradiation with 16 mW 350 nm UVlight.

laser off
7
10
11
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number
1
4
1
4
1
4

T2 [ms]
296
319
361
257
355
425

laser on
T2 [ms]
number
399
2
414
3
284
2
263
3
425
2
363
3

Effects and properties of continuous solution-phase motor rotation

Influencing molecular self-diffusion by rotation of one half of the molecule
relative to the other did not work by FCS due to intramolecular ET. Rotational and
translational diffusion of unsubstituted motor molecules using NMR techniques and a
high power laser system with efficient light transduction are indicative of the same. As
motor quenching by intramolecular ET and mechanical 'anchor' effects are ruled out
in these setups, a different explanation needs to be sought. Of the four causes why
these experiments could fail (page 127), two have been ruled out. A closer look at the
light intensity therefore might give a better insight.

4.4 Experimental setups in relation to the true rotation rate: a kinetic
analysis
The equilibrium representing 2nd-generation motor rotation in case of
unsubstituted stators is depicted in Scheme 2. In this form, A represents the lowest
energy isomer or stable form of a given motor, and B represents the higher energy,
unstable form of the motor. Two rate constants of the photochemical reaction khν1 and
khν2 determine the position of the photochemical equilibrium, the PSS, in case of a
rate constant of the thermal reaction kΔ of zero. The PSS, expressed as the conversion
α = [B]/([A] + [B]) is determined by the molar absorption coefficient εXλ of both
compounds at the wavelength of irradiation and the quantum yields of the forward
(ϕA) and reverse (ϕB) reactions according to

α PSS =

ε Aϕ A
ε Aϕ A + ε Bϕ B

9

Increasing the rate of the thermal reaction kΔ at a given irradiation intensity
shifts the equilibrium to the side of the stable isomer A. At high enough values of kΔ
conversion to B is not observed regardless of the intensity of irradiation, because the
reverse reaction is faster than B can be formed.
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khν 1
khν 2

kΔ

B

B
kΔ

khν

1

khν 2

A

khν 1
khν 2

B

kΔ

A

Scheme 2: Rotational cycle of a 2nd molecular motor with non-substituted lower half (left), and
simplified representation of the same cycle used in the kinetic analysis (right).
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In the experimental setup described above, 350 nm light was used. One such
photon has an energy of hc/λ = 5.68×10-19 J. In case of a 16 mW laser output, this
corresponds to 2.82×1016 photons/s, i.e. 4.68×10-8 mol photons/s. The sample holds
approximately 0.6 ml 2 mM sample solution, which corresponds to 1.2×10-3 mol of
motor molecules. This means that there are roughly 2.6×104 motor molecules for
every photon that enters the sample solution. Even in the ideal situation that every
photon induces cis – trans isomerisation (i.e., full absorption and a quantum yield of
1), there are by far insufficient photons present to allow for one rotation per molecule
per second.
The maximum rotation rate ωº for a motor molecule is defined as half the
amount of (unidirectional) thermal B → A conversions because one unidirectional
event represents one half rotation. So for any motor the maximum rotation rate is
given by

1
2

ω o = kΔ

10

The maximum rotation rate ωº is thus determined by the rate determining
step kΔ in the rotation cycle under the assumption of infinite availability of B. In the
numerical example above, it is clear that although motor molecules in the system
could achieve much higher rotation rates, they do not because of a lack of photons. As
a result, thermal B → A conversion is faster than photochemical A → B formation,
and the equilibrium composition has only minimal amounts of B. The average
amount of revolutions per time unit is limited by the availability of photons, which
can be referred to as a photochemically rate-limited system. Increasing the rate
constant of the thermal reaction by raising the temperature will not increase the
average number of rotations. It will only result in a (further) shift of the equilibrium
toward the stable form A, because the number of photons does not allow formation of
more unstable form B. Increasing the number of photons will lead to more unstable
form B, and hence a higher overall rotation rate.
Increasing the light intensity will result in a point being reached where the
number of photons becomes so high that the presence of B is no longer rate limiting.
At this point, the amount of unstable form has increased to the equilibrium value of
the photostationary state (PSS) given by equation 9, and the system has become
thermally rate limited. Increasing the number of photons even further will not change
the thermal rate limitation, and does not result in additional unidirectional thermal B
→ A conversions. It only results in more (non-directional) photochemical B → A
conversions, that do not add to the overall rotation rate. Addition of extra energy
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however (i.e., raising the temperature) does result in a higher overall rotation rate,
because increasing the temperature leads to a higher rate of the thermal reaction kΔ
which directly increases the average amount of unidirectional thermal B → A
conversions at the cost of photochemical B → A conversions.
The assumption in all previous work that the rotation rate of molecular
motors is determined by the rate of thermal helix inversion kΔ is proven only partly
valid by this analysis. It only holds under conditions in which the number of photons
allows for so much unstable form that it approaches the PSS, so that the amount of B
present is not the rate limiting factor. In practical experimental setups, this means that
only systems with low rates of thermal helix inversion can be considered thermally rate
limited.
An interesting question arises here: what requirements need to be met to have
the rate of thermal helix inversion, which is the rate determining step in the rotation
cycle, become overall rate limiting? If we want to apply high speed rotation to power
molecular devices, this is an important question. An answer to this question means a
quantitative analysis of the three rate constants depicted in Scheme 2. With such an
analysis, it will be possible to see what experimental variables influence the rotation
rate of motor molecules under normal solution-phase experimental conditions.
The analysis starts with a difference between the definition of the rate of a
thermal reaction, as opposed to the rate of a photochemical reaction. For thermal
reactions, the rate constant of a reaction is defined by the number of occurrences per
time unit at a certain temperature. In the case of unimolecular reactions, this means
that the reaction rate is defined by the amount of time it takes to acquire enough
energy to overcome the thermal barrier. The actual time of crossing the barrier once
enough energy has been acquired by random motion is very short; in case of low
barriers conformational changes occur on ns – ps timescales. 21 It is the time it takes to
acquire enough energy in the case of high barriers that makes unimolecular thermal
reactions occur on timescales from microseconds to days, depending on temperature.
On the other hand, photochemical reaction rates are defined by the rate of a
reaction after absorption of a photon, which means excluding the excitation time.
They are usually determined by subjecting a sample to a short laser pulse and
measuring the change in sample composition with high time resolution. For the
unimolecular process of photochemical cis – trans isomerisation the timescale is in the
order of 1 – 100 picoseconds. 22 This large difference in timescale makes
photochemical reactions appear much faster than thermal reactions. However, this is
misleading.
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Thermal conformational changes are very fast; well-known examples include
the ring flip of cyclohexane (Δ‡Gº = 43 kJ mol-1) and the rotation around the C-C
bond of ethane (Δ‡Gº = 12 kJ mol-1). 23 They only appear slow because of a lag time,
which is the time required to obtain sufficient energy for the conformational change to
occur. On the other hand, unimolecular photochemical reactions appear fast after
excitation by a photon, but if a lag time that represents the time it takes to absorb that
photon is included, they may well appear much slower, depending on the light
intensity. The lag time in case of a thermal reaction depends completely on temperature
(the presence of vibrational energy), and is included in the rate constant. On the other
hand, the lag time for a photochemical reaction is not included in the rate constant, and
depends on the absorption characteristics and quantum yield(s) of the reaction, and on
the irradiation intensity.
The dependency of reaction rate on irradiation intensity is non-trivial. An AB
system as displayed in Scheme 2 cannot be solved completely, and even the
simplification of setting khν2 = 0 does not allow for integration of the rate equations
toward full solutions. This is because the dependence of the rate of a photochemical
reaction depends on absorption in a complex manner. The total absorbance of the
system (of both reactants and products) determines the photochemical reactivity,
together with the irradiation intensity I0. The proportionality factor is called the
photokinetic factor F(t), which provides a means of including the lag time in the rate
expression of a photochemical reaction. The rate for photochemical A → B conversion
is then given by (if CX(t) equals the concentration of X = A, B at time t):

∂C B (t )
= F (t )ε Aϕ A C A (t )
∂t

11

The photokinetic factor F(t) depends on the total absorbance of the system at
the wavelength of irradiation λ and on the intensity of irradiation I0 by

1 − 10 − A
)
F (t ) = 1000 I 0 (
A

12

in which the absorption of the system is given by (l = pathlength [cm]):

A = l × (ε A C A (t ) + ε B C B (t ) )

13

A time-dependent (because of the conversion-dependence) photokinetic factor
makes the rate equation difficult to solve. Only at an isosbestic point εA = εB, which
makes F(t) constant and the rate equation solvable. For this reason, irradiation at an
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isosbestic point is a well-known approach in the study of photochemical reaction rates;
in other cases numerical integration methods or experiments under the constraint of
limited conversion are performed. In 2007 a closed form integration for the process of
photochemical A → B conversion was reported. 24 A general method for analysing
complex photochemical / thermal AB and ABC systems was published by Brown in
2005, but this highly mathematical model assumes irradiation at an isosbestic point to
render the photokinetic factor constant. 25 For molecular motors however, an AB
system with three rate constants needs to be evaluated, and it is preferable to not be
restricted by isosbestic point irradiation. Generally however, the primary concern in
photochemistry is obtaining rate constants for a single process, which often is
complicated when that process is part of a multi-component equilibrium. In the
present system this is not the case; the primary concern is not the specific rate
constants, but the overall rotation rate, which is a composite of all three reaction rates.
Quantitative analysis of the rotation rate of a molecular motor in the equilibrium
depicted in Scheme 2 is possible, because the overall rotation rate is the desired result.
As shown below, in this case F(t) can be considered a constant for all irradiation
wavelengths, not just for irradiation at an isosbestic point, because the high rates of
rotation are observed at low equilibrium conversions.
The full rate equation for the photochemical – thermal equilibrium describing
motor rotation in Scheme 2 is given by

∂C B (t )
= F (t )(ε Aϕ A C A (t ) − ε Bϕ B C B (t ) ) − k Δ C B (t )
∂t

14

in which the rate of formation of B is governed by the molar absorption coefficient εX
[l mol-1 cm-1] of A and B, the quantum yield for conversion of A to B (φA), the
quantum yield for conversion of B to A (φB), the rate of the thermal reaction kΔ ([s-1])
and the photokinetic factor F(t). Because this system is a bimolecular equilibrium, it is
governed at all times by

C A (t ) + C B (t ) = C 0
When the total conversion α to B at any point in time is expressed as

α=

C B (t )
C A (t ) + C B (t )

15
26

16

the following boundary conditions are obtained
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C B (t ) = αC 0
C A (t ) = (1 − α )C 0

17

Rewriting the rate equation 14 into the conversion α then gives

∂α
= −(F (t )(ε Aϕ A + ε Bϕ B ) + k Δ )α + ε Aϕ A F (t )
∂t

18

At equilibrium δα/δt = 0, which allows for an expression of the conversion at
the equilibrium position, where the concentration of A and B remains constant under
continuous irradiation conditions at a specific temperature. This equilibrium will be
designated the rotational equilibrium, RE.

α RE =

ε Aϕ A F (t )
ε Aϕ A
=
F (t )(ε Aϕ A + ε Bϕ B ) + k Δ ε ϕ + ε ϕ + k Δ
A A
B B
F (t )

19

From equation 19 the expression for the position of the PSS can be obtained
by letting kΔ → 0, which confirms its validity. However, equation 19 still displays
dependence on the total absorbance A and the irradiation intensity I0 by the
expression for the photokinetic factor F(t) (equation 12), which in turn is influenced
by the equilibrium position via equation 13.
Common experimental conditions for research into the behaviour of
molecular motors involve cooling the sample solution to a temperature where kΔ is
low. Irradiation for a set time interval, dependent on concentration and irradiation
intensity then results in the establishment of a photochemical equilibrium between A
and B. However, if the temperature is too high, so that kΔ becomes a significant factor
in the equilibrium, B is not observed because the conversion α, though present, is too
low to be detected. Therefore, assuming that α < 0.05, the following relation is
obtained:

A(t ) = l × ((ε A C A (t ) + ε B C B (t ) ) = l × ε A × C 0

20

With this assumption, the photokinetic factor F(t) looses its dependence on
the concentrations of A and B, and hence on the equilibrium position. It is only
determined by the total absorbance of the system determined by the initial
concentration C0 and the irradiation intensity I0, which makes F(t) a constant.
However, by using high values for I0, the conversion α may become significant. In that
case, the total absorbance of the system at the irradiation wavelength will change
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depending on the values for εA and εB, and F(t) will change accordingly. For this
reason, the conversion α at equilibrium will have to be monitored in the subsequent
analysis.
Alternatively, irradiation at an isosbestic point can render the photokinetic
factor constant. In that case there are no restrictions on the position of the equilibrium
for determining the overall rotation rate. To allow for irradiation at all wavelengths in
this analysis however, it is assumed that α < 0.05, so that the photokinetic factor
remains relatively unaltered.
The conversion at rotational equilibrium αRE is determined solely by εA, the
quantum yield for A to B conversion φA, the rate of the thermal reaction kΔ and the
photokinetic factor F(t) at rotational equilibrium FRE, which is a constant according to

F

RE

1 − 10 −ε AC0l
= 1000 I 0
ε AC0 l

21

From this the overall rotation rate ω is defined as the actual number of
rotations per molecule per second, which is given by calculation of half the number of
thermal B → A conversions per molecule, given in equation 10. When the irradiation
volume is smaller than the sample volume this expression has to be multiplied by the
factor

Virr
:
Vsam

1 k Δα RE C 0
ω= 2
= 1 k Δα RE
2
C0

22

Based on the above, the factor Ψ is defined, which reflects the quality, or
efficiency, of rotation. It is given by the amount of (directional) thermal B → A
conversions over the total amount of B → A conversions; a value of Ψ → 1 means
perfect unidirectional behaviour (no photochemical B → A conversions,
photochemical processes are rate limiting) whereas Ψ → 0 reflects a completely
random photochemical equilibrium at kΔ → 0 (no unidirectional motor behaviour,
thermal reaction rate limiting).

ψ =

kΔ

k Δ + ε Bϕ B F (t )

0≤ψ≤1

23
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4.4.1 Analysis of the average rotation rate in solution
From the above equations, the average number of rotations per molecule per
second can be calculated on the basis of a fixed set of variables: four motor specific
variables εA, εB, φA and φB, which vary with the identity of the motor under study,
and three external variables I0, C0 and kΔ. I0 can be varied by the intensity of light
delivered, C0 determines the absorbance of the system and kΔ is related directly to
temperature. We define a hypothetical standard system with εA = 5000 l mol-1 cm-1
and εB = 2500 l mol-1 cm-1 at the irradiation wavelength and φA = 0.1 and φB = 0.05,
and analyse the dependence of the rotation rate ω on the irradiation intensity I0 and
the total concentration C0 for different values of kΔ. The conversion is monitored so
that α < 0.05 for the results to be accurate.
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The dependence of the rotation rate ω relies heavily on the value of the
photokinetic factor, which varies with concentration as displayed in Figure 12. At very
low concentration, F(t) takes on a maximum value, which at higher concentration
decays exponentially to 0 (0 ≤ (F(t) / 1000I0) ≤ 2.3). As can be seen from Figure 12, at
standard UV-concentration (10-5 l mol-1 cm-1 where A = 0.05) the photokinetic factor
is just below its maximum value; higher concentrations will result in an exponential
decrease of photochemical reaction rates because of the linear dependence of rate on
F(t) (equation 11). On the other hand, lower concentration will not result in an
increase in the photochemical reaction rate, despite the increase in the photon to
molecule ratio. This reflects the increased chance that photons travelling through
solution will not be absorbed by the molecules that are present, as the absorbance of
the system is low.
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Figure 12: Dependence of the photokinetic factor F(t) on the total absorbance of the system A
for I0 = 10-10 mol cm-2 s-1 represented on different axes.

Taking the overall rotation rate ω in a UV-sample solution at C0 = 10-5 as an
example, we find the following dependency on the irradiation intensity I0 for a series
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of rate constants kΔ (Figure 13 - Figure 15). Full irradiation of the sample solution is
assumed, i.e. Virr / Vsam = 1.
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Figure 13: Dependence of the overall rotation rate ω on the irradiation intensity I0 for several
values of kΔ.
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Figure 14: Dependence of the conversion at rotational equilibrium α on the irradiation
intensity for several values of kΔ.
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C0 = 10-5 mol l-1
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Figure 15: Dependence of the unidirectionality factor Ψ on the irradiation intensity for several
values of kΔ.

The rotation rate ω increases linearly with irradiation intensity I0 until a kΔdependent 'breakpoint' is reached, from where on the rotation rate cannot be
increased by further increasing I0. From that range onward, the system is thermally
rate limited, as only an increase in kΔ can increase the rotation rate. As can be seen
from Figure 13, obtaining a thermally rate limited system requires intense irradiation,
even at 10-5 M. A thermal rate constant of 102 s-1 (open circles) will be overall rate
limiting only at irradiation intensities of ca. 10-3 mol cm-2 s-1 (365 nm), which
corresponds to 328 W of 365 nm light over the full sample volume. In that case the
maximum rotation rate for this system (40 Hz, see below) can be reached.
Figure 14 displays the dependence of the equilibrium position α on the
irradiation intensity. The restriction of having α below 0.05 to be able to approximate
F(t) as a constant is satisfied only at intensities of I0 < 10-5 mol cm-2 s-1 for kΔ = 102 s-1.
Above that intensity, a considerable amount of B is present and the absorption of the
full system is different than assumed in the calculation of F(t). For this reason, the
overall rotation rate of the theoretical standard motor is not accurate at higher
irradiation intensities. However, the assumption that the photochemical reactivity of
[A] and [B] does not differ by several orders of magnitude is quite reasonable for most
motor systems, and the influence of motor characteristics is much smaller than that of
the system variables, as explained below. Therefore, despite an intrinsic inaccuracy in
the exact value for ω, the overall rotation rate is still within the right order of
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magnitude. So even if F(t) changes with equilibrium position and introduces an
inaccuracy in the exact value of ω, at higher conversions the rotation rate ω can be
taken to be a reasonable estimate of the true rotation rate.
When comparing Figure 14 with Figure 15 we see that at the same intensities
where the conversion α goes below 0.05, the unidirectionality factor Ψ reaches its
maximum value. At higher intensities, a sharp drop in Ψ is observed, which is the
point where the maximum rotation rate for that value of kΔ has been reached. Here,
the system has become thermally rate limited, and increasing the irradiation intensity
will only result in more photochemical B → A conversions. A motor system which is
close to being thermally rate-limited undergoes a steep drop from Ψ = 1 to Ψ → 0.
This is interpreted as follows: with sufficient photons to make the system thermally
rate limited, the amount of photochemical B → A conversion will increase with an
increase in irradiation intensity. In a system which is photochemically rate-limited,
thermal B → A conversion will occur faster than photochemical B → A conversion,
hence the unidirectionality factor Ψ approximates 1 under such conditions.
In a similar analysis, the dependence of the overall rotation rate on the initial
concentration was investigated at constant I0. The results can be seen in Figure 16 Figure 18.
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Figure 16: Dependence of the overall rotation rate ω on the concentration C0 for several values
of kΔ.
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Figure 17: Dependence of the conversion at rotational equilibrium α on the concentration C0
for several values of kΔ.
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Figure 18: Dependence of the unidirectionality factor Ψ on the concentration for several values
of kΔ.

First of all, as mentioned in the discussion on F(t), lowering the concentration
to increase the photon to molecule ratio only increases the overall rotation rate at
relatively high concentration. Once the system reaches a concentration determined by
the value of A, lowering the concentration does not result in an increase in rotation
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speed at the same irradiation intensity. At concentrations lower than Cbreak (for
instance, 10-4 mol l-1 for kΔ = 104 s-1), the rotation speed stabilises when going to lower
concentration, and the thermal process has become rate limiting. Here, the maximum
rotation speed that is determined by I0 has been reached, and decreasing C0 does not
result in an increase of the overall rotation speed. Above Cbreak however, the system is
photochemically rate-limited, and in that situation both decreasing the concentration
and increasing the irradiation intensity will result in an increase of the overall rotation
rate. Note, however, the absolute values along the axes; in a 10-5 M solution using 328
W (10-3 mol cm-2 s-1) of continuous 365 nm light, the maximum rotation rate
achievable is close to 103 Hz. Under such experimental conditions the conversion is far
below 0.05 as required (Figure 17). Related to that is the observation that the
unidirectionality factor Ψ is 1 under these conditions, which means that all light used
for photochemical cis-trans isomerisation is used for forward photochemical A → B
conversions, resulting in maximum efficiency (Figure 18).
From the above, it is apparent that the overall rotation rate of a motor in
solution is determined mainly by three variables: the rate constant for thermal helix
inversion kΔ, the irradiation intensity I0 and the concentration C0. The three
parameters can be plotted in three dimensions, so that the dependence of rotation rate
on kΔ, I0 and C0 becomes apparent (Figure 19). Increasing irradiation intensity from
low intensity where the system is photochemically rate limited increases rotation speed
until the system becomes thermally rate limited (plateau for kΔ = 103 at log(I0) = -4).
In that situation, the conversion goes to a maximum value determined by equation 9,
and the unidirectionality factor Ψ representing the efficiency of rotation goes to zero
steeply (refer to Figure 18). The experimental conditions to reach this stage are
challenging, at least for bulk solution phase experiments with standard irradiation
equipment.
Starting at high concentration where the system is thermally rate limited,
decreasing the concentration will result in an increase in the overall rotation rate, until
an optimum concentration determined by the value of A according to equation 12 has
been reached at A is ca. 1 - 0.1 (10-5 – 10-6 M). Decreasing the concentration further
does not result in a further increase in overall rotation rate. The value of I0 in
combination with kΔ determines whether the system is thermally or photochemically
rate-limited in this situation.
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Figure 19: Correlation between rotation speed ω, irradiation intensity I0 and concentration for
a theoretical molecular motor with characteristics εA = 5000 l mol-1 cm-1, εB = 2500 l mol-1
cm-1, φA = 0.1 and φB = 0.05 for kΔ = 107 (rough grid) and kΔ = 103 (fine grid).

The maximum rotation rate of 40 Hz of the hypothetical standard system
defined above (εA = 5000 l mol-1 cm-1, εB = 2500 l mol-1 cm-1, φA = 0.1 and φB = 0.05)
does not correspond to the maximum rotation rate as defined by equation 1, which
would yield 50 Hz. This is due to the fact that in this hypothetical system, we have set
the values for εA, εB, φA and φB realistically. The maximum rotation rate achievable on
the basis of only the thermal rate constant is far from plausible. When we substitute
the values of the hypothetical system for (5000, 1000, 0.5, 0.01), and recalculate, 49.9
Hz is obtained, approaching the theoretical maximum value for rotation in solution
given a thermal rate constant of 102 s-1. Two conclusions can be drawn from this: first
that full correspondence of the kinetic analysis with the rather intuitive theoretical
maximum rotation rate is observed. Secondly, the theoretical maximum rotation rate
is dependent on the photochemical characteristics of the motor as well as on the rate
constant kΔ. This dependence of rotation rate on photochemical characteristics is,
however, less strong than the dependence on thermal behaviour and experimental
variables.
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Table 2: Rotation rates, equilibrium conversions and unidirectionality factors for a series of
hypothetical molecular motors under thermal rate limitation (I0 = 10 mol cm-2 s-1, kΔ = 104 s-1,
C0 = 10-6 M).

system
1
2
3
4
5

εA
105
5000
2500
2500
2500

ϕA
0.25
0.25
0.25
0.01
0.1

εB
102
2500
2500
2500
5000

ϕB
10-2
0.25
0.25
0.01
0.25

ω
5×103
3.3×103
2.5×103
2.5×103
8×102

α
1
0.7
0.5
0.5
0.2

Ψ
2×10-4
3×10-4
7×10-4
2×10-2
2×10-3

In general, when performing these calculations with a range of different motor
characteristics, it is observed that the combined effect of quantum yields and molar
absorbances of A and B influence the rotation rate by at most half an order of
magnitude when using reasonable values. This can be seen in Table 2, where less
reasonable values have been used to evaluate the final rotation speed for a thermally
rate limited system. The rotation speed ω remains similar over a very wide range of A
and B absorbances and quantum yields, and a 2500% increase in quantum yields does
not increase the rotation speed at all (entries 3 and 4). The overall rotation rate ω is
determined predominantly by the combination of I0, C0 and kΔ, and order of
magnitude deviations of the maximum value can only be achieved by setting extreme
motor variables.
It is to be noted, however, that under photochemical rate-limiting conditions
the effect of the photochemical characteristics of the system is stronger than with
thermal rate limitation. In Table 3 a series of rotation rate determinations for the same
hypothetical systems under such conditions can be found. Here it becomes apparent
that the quantum yield and absorbance of A plays a distinct role in determining the
rotation speed, although the absorbance and quantum yield of B are of less
importance.
Table 3: Rotation rates, equilibrium conversions and unidirectionality factors for a series of
hypothetical molecular motors under photochemical rate limiting conditions (I0 = 10-8 mol
cm-2 s-1, kΔ = 104 s-1, C0 = 10-6 M).

system
1
2
3
4
5

εA
105
5000
2500
2500
2500

ϕA
0.25
0.25
0.25
0.01
0.1

εB
102
2500
2500
2500
5000

ϕB
10-2
0.25
0.25
0.01
0.25

ω
2.9×10-2
1.4×10-2
7.2×10-3
2.9×10-4
2.9×10-3

α
5.7×10-6
2.7×10-6
1.4×10-6
5.7×10-8
5.7×10-7

Ψ
1
1
1
1
1
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Under most experimental conditions the system will be photochemically rate
limited. The maximum rotation speed of 167 MHz for the fastest molecular motor (kΔ
at 20ºC = 3.3×108, structure 10 in chapter 2) under optimal conditions would require
around 330 MW (365 nm) of continuous full-sample irradiation at 10-5 – 10-6 M
concentration or lower, a clearly challenging value.
While experimental data on the average rotation rate under irradiation at a
certain temperature are still unavailable, this theoretical approach represents the only
means of analysis of overall rotation rates of molecular motors in solution. In the
advent of suitable experimental techniques, verification of the above analysis should be
performed.

4.5 Discussion
The absence of an effect of motor rotation on diffusion has been traced back
to either a physical impossibility (i.e., invalidity of the assumption that fast motor
rotation should influence diffusion characteristics, which is more or less disproven by
e.g. the flagella motor), or too low an irradiation intensity in the experiments
performed. Theoretical analysis of the average rotation rate in solution indicates that
in bulk solution, rotation rates are not as high as generally assumed. Despite a very fast
rate determining step in the rotation cycle for these compounds, the occurrence of
photochemical events becomes rate-limiting for the overall rotation rate. This
represents an important result in the application of motor rotation in molecular
devices.
First of all it becomes clear that the fastest molecular motors cannot be
expected to approach their theoretical maximum rotation rates in common
photochemical experimental setups. Normal high-pressure mercury lamps or even
standard continuous laser systems do not deliver enough power to detect effects of
motor rotation in bulk solution. This is true for experiments looking into any
observable, not just diffusion. The effects of motor rotation are assumed to be
detectable only at rotation timescales comparable to or higher than the average
timescale of Brownian motion. As long as the average rotation rate of motor molecules
is much slower than that, the effects simply dissipate in Brownian motion and no
effects are observed.
Although laser systems commonly have a diameter smaller than 1 mm2 and
the irradiation intensity should be multiplied accordingly to give a unit of mol
photons cm-2 s-1, in most systems the sample space is much larger than the irradiation
area. As the non-irradiated areas are not expected to deliver a change in the observable,
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the higher intensity (higher average rotation rate, larger change in the observable) in
the irradiation area is averaged out by the large volume of detection. Overall no
change in the observable will be detected in such a setup.
There are ways around this problem. Bulk solution-phase experiments using
continuous irradiation are challenging in realising a situation where rotation rates can
be expected to result in some macroscopically detectable effect of motor rotation. In
order not to get lost in Brownian motion, very high rotation rates are required to
observe any effect. However, single-molecule techniques, where the detection volume
is the same or smaller than the irradiation volume for a high-power laser promise a
much larger chance of success. In that case, the observable will have less difficulty in
being separated from Brownian effects, although still high intensities are needed,
because extreme dilution does not add to the overall rotation rate below roughly 10-5
M. Surface studies are more interesting in this respect; under such conditions the
concentration is as low as possible, but the absorbance of the system is maximised due
to the even spread of all molecules in two dimensions. However, as the photokinetic
factor F(t) is not representative of such conditions we have no means to analyse
rotation rates on a surface at this moment.
An additional advantage of surface work is the decrease in degrees of freedom
in comparison with bulk-solution experiments. As discussed for the system of
Fujiwara,4 motion in two dimensions is expected to result in a relative increase in the
observable compared to the three-dimensional case. For experiments involving
controlled molecular motion, a long-sought goal in this field, immobilisation on a
surface by reversible interactions and subsequent irradiation yields a good chance of
success even in the absence of high rotation rates. The same holds for environments
which are free of solvent; under such circumstances the randomness of Brownian
motion is still present within the motor molecules, but the environment holds less
randomising power than when in solution. As a result, less directive power is required
as output from the motors so that enough remains to create an effect detectable
separate from Brownian motion. Effectively, this approach increases the Reynolds
number by a factor of approximately 103, by going from solution viscosity to air
viscosity.
Finally, achievement of high rotation rates in bulk solution could be
accomplished by a pulsed laser system. Short intense pulses with a frequency of about
five times the half-life time of the thermal reaction would result in rotation rates close
to the maximum achievable. In this case every pulse is expected to result in relatively
high conversion, which decays during the interval time of the laser. Motors will
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function synchroneously in such a setup, which possibly results in additional
interesting properties.

4.6 Conclusion
Several diffusion experiments on molecular motors do not display any effect of
motor rotation on molecular translational self-diffusion or on rotational diffusion.
Although this can be traced back to fluorescence resonance energy transfer in the case
of FCS-experiments on compound 4.2, continuous laser irradiation of a series of
molecular motors does not result in any changes in the diffusion coefficient using
pulsed-gradient SLED NMR techniques. Similarly, the T2 relaxation times
representative of rotational diffusion are not affected by motor rotation in the same
setup. Although on the basis of these results we cannot confirm that a
photomechanical effect on diffusion is intrinsically possible, we can make plausible
that the absence of this effect in above experiments is due to a lack of irradiation
intensity in combination with large measurement volumes. A kinetic analysis of the
full photochemical – thermal equilibrium for a theoretical motor system has been
developed to confirm the key parameters. It shows that for a standard motor, the
rotation rate is determined mainly by an interplay of irradiation intensity, the thermal
rate of thermal helix inversion and the concentration. The influence of the quantum
yields and molar absorption coefficients of the stable and unstable forms are much less
pronounced, and have a maximum influence on the overall rotation rate of at most
half an order of magnitude. Moreover, in common setups, the system turns out to be
photochemically rate-limited, rather than thermally rate limited as has been assumed
so far. Maximum overall rotation rates are predicted for systems that are thermally
rate-limited, but experimental setups that offer such conditions are challenging to
achieve. The current analysis indicates that surface studies, pulsed laser systems and/or
single molecule spectroscopy are likely to offer the best chance on high overall rotation
rates in experimental setups.

4.7 Experimental section
Molecular modelling was performed using the Chem 3D programme package, using molecular
dynamics simulation (200 ns, heating/cooling rate 1 kcal atom-1 ps-1, target temperature 300 K,
followed by semi-empirical optimisation of the lowest minimum). An excel sheet with easy
readout of observables ω, α and Ψ from input variables εA, εB, ϕA, ϕB, C0, kΔ and I0 is available
upon request. Compounds 7 – 11 were introduced in chapter 2, and are discussed there.
Compounds 2 and 6 were prepared according to a known DCC-coupling procedure.14
Purification of 6 was challenging due to fast degradation on silica gel and aluminium oxide. It
has to be flushed and caught as part of the first coloured band using EtOAc-DCM mixtures on
silica gel.
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2: (500 MHz, CHCl3): δ 8.67 (d, J = 8.8 Hz, 1H), 8.43 (d, J = 8.8 Hz, 1H), 8.01 (d, J = 2.4
Hz, 1H), 7.97 (d, J = 7.3 Hz, 2H), 7.78 (d, J = 2.4 Hz, 1H), 7.70 (m, 2H), 7.60 (d, J = 8.8
Hz, 2H), 7.50 (d, J = 8.8 Hz, 1H), 7.47 (dd, J = 8.8, 2.4 Hz, 1H), 7.38 (m, 2H), 7.20 (m,
2H), 7.11 (dd, J = 8.8, 2.4 Hz, 1H), 6.89 (d, J = 7.8 Hz, 1H), 6.82 (t, J = 7.9 Hz, 1H), 6.73 –
6.65 (m, 3H), 6.59 (dd, J = 9.3, 2.4 Hz, 1H), 6.46 (d, J = 2.4 Hz, 2H), 6.38 (m, 2H), 6.28 (s,
1H), 4.49 (m, 1H), 3.64 (m, 1H), 3.45 (q, J = 7.3 Hz, 4H), 3.39 (q, J = 7.3 Hz, 4H), 3.11 –
2.98 (m, 2H), 2.83 (m, 2H), 2.72 – 2.51 (m, 5H), 1.29 – 1.18 (m, 12H), 0.77 ppm (d, J =
6.8 Hz, 3H). 13C NMR (500 MHz, CDCl3): δ 182.7 (CO), 182.5 (CO), 172.1 (CO), 171.2
(CO), 152.2 (CN), 152.2 (CN), 152.0 (C), 150.8 (C), 150.6 (C), 146.8 (C), 146.7 (C), 146.2
(C), 145.2 (C), 141.0 (C), 140.5 (C), 139.7 (C), 139.3 (C), 139.2 (C), 139.1 (C), 135.7 (C),
133.4 (C), 133.1 (C), 133.0 (C), 131.2 (CH), 131.0 (CH), 130.0 (CH), 129.7 (C), 129.4
(C), 129.0 (C), 128.5 (CH), 128.0 (CH), 127.5 (CH), 127.4 (C), 126.7 (CH), 126.5 (CH),
126.3 (CH), 126.2 (CH), 125.9 (CH), 125.8 (CH), 125.6 (CH), 125.4 (CH), 125.3 (CH),
125.1 (CH), 125.0 (C), 124.9 (CH), 124.9 (C), 124.4 (CH), 124.2 (CH), 124.0 (CH), 118.2
(CH), 118.0 (CH), 109.9 (CH), 109.7 (CH), 105.6 (CH), 105.5 (CH), 96.2 (CH), 96.2
(CH), 47.0 (CH2), 45.1 (CH2), 45.0 (CH2), 39.6 (CH2), 37.9 (CH), 35.5 (CH2), 30.8 (CH2),
30.0 (CH2), 29.7 (CH2), 27.5 (CH2), 18.9 (CH3), 12.6 (CH3), 12.6 (CH3). One (C)
absorption was not observed; both Nile Red moieties display significantly different shifts. MS
(MALDI-TOF, MW = 1135.3): 1158.6 (M+Na), 1136.7 (M+H).
6: 1H NMR (500 MHz, CHCl3): δ 8.66 (d, J = 8.8 Hz, 1H), 7.98 (s, 1H), 7.60 (d, J = 9.0 Hz,
1H), 7.44 (d, J = 9.0 Hz, 1H), 6.67 (d, J = 9.0 Hz, 1H), 6.47 (s, 1H), 6.38 (s, 1H), 3.46 (q, J
= 7.0 Hz, 4H), 2.34 (s, 3H), 1.25 ppm (t, J = 7.0 Hz, 6H). 13C NMR (500 MHz, CDCl3): δ
182.7 (C), 169.2 (C), 152.2 (C), 152.2 (C), 150.8 (C), 146.9 (C), 139.2 (C), 133.2 (C),
131.2 (CH), 129.7 (C), 125.6 (CH), 125.1 (CH), 125.0 (C), 118.2 (CH), 109.0 (CH), 105.7
(CH), 45.1 (CH2), 21.1 (CH3), 12.6 (CH3). m/z (EI, %): 376 (100), 361 (20), 334 (85), 319
(96). HRMS calcd for C22H20N2O4: 376.1423; found 376.1414.
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Molecular motors in glassy
environments
The influence of highly viscous environments on the functioning of molecular motors is
established using three different media. Propane is used as a reference medium that does not
display high viscosity, and two binary solvent systems that display a well-defined glasstransition are used to evaluate the influence of glass-like viscosities on both the
photochemical equilibrium and on the thermal helix inversion of molecular motors. It is
found that the larger molecular volume of the most stable isomer relative to the unstable
isomer is responsible for a shift of the photochemical equilibrium from 20% to 100% in
favour of the unstable isomer upon application of high viscosity media. At the same time,
the volume expansion associated with the thermal reversal to the most stable isomer can be
applied to determine the maximum possible power output. Although it cannot be concluded
that this power is actually delivered, this value represents a fundamental boundary on the
possible power output of a molecular motor. A discussion of the energy efficiency of
molecular motors follows.

Parts of this chapter will be published:


Klok, M.; Browne, W. R.; Feringa, B. L., manuscript in preparation.

Chapter 5

5.1 Introduction
Considering the pronounced influence of solvent on the rate of thermal
isomerisation of molecular motors (chapter 2), and the beneficial effect of high
viscosity on the position of the photoequilibrium (chapters 2 and 6), it is of interest to
evaluate viscosity effects on the behaviour of molecular motors more quantitatively. As
cis - trans isomerisation has been a primary focus for understanding photochemical
reactions, a considerable body of data on medium effects on this process is available. 1, 2
Model compounds, such as stilbenes, azobenzenes and alkenes are relatively accessible,
and therefore these basic studies increase the understanding of the photochemical
process in view of applicability in optical, electrical and optoelectronical materials. 3 At
the same time, when functionalized properly, such compounds have potential for use
as molecular switches, 4 gates, 5 stirrers 6 and motors 7 in a range of molecular devices,
and are capable of providing power to both macroscopic 8 and molecular 9 assemblies.
It is widely accepted that both viscosity and temperature have a pronounced effect on
the quantum yields for trans → cis and cis → trans photoisomerisation, as well as on
fluorescence quantum yields.1,2,10 In a few studies, cis - trans isomerisation of stilbene
has been performed in glassy organic mixtures, displaying strong decreases in both the
trans → cis as cis → trans quantum yields.10,11 However, throughout these studies,
relationships between viscosity and the photoequilibrium position (PSS) have not been
established. Experiments in glassy mixtures are often taken to reflect behaviour at low
temperature, with the high viscosity at most mentioned as a footnote.11 From the
studies on this subject it is apparent that the cis → trans quantum yield is less
dependent on both temperature and viscosity than the trans → cis quantum yield.1,2
Furthermore, the cis - trans ratio at photoequilibrium can be altered using different
sensitizers.2,12 However, complete conversion has not been obtained. In the case of
stilbenes, the origin of the shift of the equilibrium has been ascribed to an increase in
molecular volume during trans → cis isomerisation.11,13 The equilibrium could not be
completely shifted though, and thus full control over the photoequilibrium is not
obtained. In this chapter, the effect of highly viscous environments on the behaviour
of molecular motors will be studied. High viscosities are reached by application of
binary organic solvent systems that are known to display a glass transition at cryogenic
temperatures. 14 As the viscosity – temperature relationship is known in this region,
exact control over temperature results in control over viscosity in the transition from
liquid to glass.
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5.1.1 Definitions of viscosity
Despite a general common perception of viscosity, the phenomenon of
viscosity, at least at a molecular level, is not fully understood. Viscosity can be defined
as a measure of a substance's resistance to flow, and therefore is a measure of the
substances internal friction. When fluids flow, higher friction caused by molecular
interactions increases the force required to achieve high flow rates. When a force is
applied, for instance by moving a plate over the surface of a fluid, molecular
interactions resist this force. These interactions make up the shear stress (or drag), and
are usually linear with the depth of the layer. In such a case, the fluid is called a
Newtonian fluid, and the constant of proportionality between shear stress and the
velocity gradient is the dynamic (or absolute) viscosity η (if the fluid is assumed to be
incompressible, which is usually the case). Other flow patterns exist, with more
complicated relationships between shear stress and the velocity gradient, and such
compounds are called non-Newtonian fluids. In this chapter all media will be assumed
to be incompressible Newtonian fluids, because incompressibility is a generally valid
assumption, and Newtonian behaviour has been established experimentally for the
glasses used in this chapter. 15

Figure 1: Physical background of dynamic viscosity η for a Newtonian fluid (τ shear stress, υ
velocity).

When the mass of flow is important, for instance for calculations on flow rates
in pipes, the dynamic viscosity η is often divided by the density ρ of the medium.
Thus, the kinematic viscosity ν of a medium is given by the relation

ν=

η
ρ

1
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Other definitions of viscosity exist, for other fluid types (compressible, nonNewtonian), but these will not be dealt with here. When dealing with viscosity, it is
however important to note not only the type of viscosity to be dealt with; also the unit
of viscosity employed varies. The SI unit for dynamic viscosity is Pa s, which translates
to kg m-1 s-1. An older unit which is still widely used is the Poise, P (g cm-1 s-1), which
is more commonly used as centipoise (cP). Thus, one cP = 1 mPa s = 10-3 kg m-1 s-1.
For kinematic viscosity, the dynamic viscosity has been divided by the density, so that
the unit is m2 s-1 in the SI. Still, however, an older unit is often encountered, the
Stokes (St), mainly expressed as centistokes, cSt. One cSt = 10-6 m2 s-1. However, in
this chapter kinematic viscosity will not be used.
A multitude of models relating macroscopic (kinematic or dynamic) viscosity
to molecular origins is in use. The Stokes –Einstein relation relates the diffusion
coefficient D of a spherical particle to the dynamic viscosity η of the medium by
combination of Stokes' hydrodynamic theory with Einsteins theory of Brownian
motion. 16 Despite proven applicability to several systems, 17 other systems are known
to display significant deviations. 18 Using combinations of statistical mechanics and
free volume theory, a model resembling the Stokes-Einstein relation was derived for
low molecular weight media. 19 This was later extended to a viscosity model for low
molecular weight organic glasses, indicating that glass transition occurs when the free
volume available for translational motion falls below a critical value. 20
Models reflective of the molecular nature of materials have been amply
developed. 21 They range from highly theoretical to completely empirical. Gas phase
viscosity is primarily determined by the transfer of momentum between molecules
through a reasonably small amount of collisions, and can be described by the kinetic
theory of gases. 22 For liquids, short, medium and long-range intermolecular forces
dominate, for each of which several models exist. These treatments are further
complicated by the molecular structure and disorder, and as a result widely applicable
models are non-existent. Viscosity of mixtures is a completely different subject again.21
Recently, friction theory (f-theory) has combined several models into a single theory. 23
The difference with other models is that the viscosity of fluids is approached as a
purely mechanical property, built up of two components. This way a model with good
correlation with experiment in the n-alkane series was developed.23 Later this work was
generalised to include input from all kinds of other physical models to result in good
correlation with experiment for a multitude of other liquids and dense gases. 24
Interestingly, f-theory approaches viscosity as a composite of two terms, the
dilute gas viscosity term ηo and a residual friction viscosity term ηf. The dynamic
viscosity η is then given by η = ηo + ηf. The viscosity friction term is modelled by
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analogy with the Amatons-Coulomb laws of friction to van der Waals repulsive and
attractive pressure terms through a series of temperature-dependent friction
coefficients. The dilute gas term is modelled through adaptation of existing particle
kinematics models. 25
The multitude of models available for viscosity is in line with the multitude of
methods for experimental determination. In general, gravity-based systems and
systems based on the response to an applied stress can be distinguished, 26 although
other methods are in use as well. 27 Gravity-based systems can rely on displacement of
an object through the medium or displacement of the medium itself, for instance
through a capillary. This discussion will focus on determination of viscosity by the
falling of an object by gravity methods and by the application of stress to measure the
resistance of the medium to that stress, often performed using rotating disks or drums.
In the first case, a solid element of particular shape is dropped through the
liquid, and the rate of descent is taken to be proportional to the viscosity. The absolute
viscosity can then be determined by comparison with known standards. Furthermore,
extrusion of the medium through a glass tube can be used, sometimes aided by gas
pressure on the other end if the viscosity is too high. The other possibility makes use
of a rotating disk over a plate, in which the fluid is inserted and the dependence of the
velocity gradient on the shear stress is taken to be a measurement of viscosity.
Viscosity is a composite of two factors, the shear stress and the local stress or strain
rate. 28 Dynamics in a glassy environment can be described by two key factors:
structural disorder and metastability. 29 Particles making up the material are confined
to a cage of surrounding particles, and therefore are in a metastable state. However,
random thermal motion allows for hopping of a particle from one cage to another, an
activated process which requires the crossing of energy barriers. Because of thermal
motion, the system exists in a dynamic and disordered but metastable equilibrium,
that never achieves its lowest energy, ordered conformation. The viscosity of such a
system is defined by the local stress on an element, as well as by the shear stresses on
that element. As the timescale of these processes is different, different techniques
might place emphasis on one of these properties.
It is interesting to observe that both in theory and in practice viscous
properties are commonly dissected into two elements. Apart from that, it is known
that the outcome of viscosity determinations is dependent on the method of
measurement (vide infra). This leads to the assumption that different determination
methods lay emphasis on different constituents of the overall viscosity. Methods that
rely on high mechanically applied stress like rotating disk determinations might put
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emphasis on the friction term, whereas the dilute gas term might have the overtone in
methods that allow for a more equilibrated medium.
For low viscosity experiments, propane will be used as a solvent; the sample
preparation with propane as solvent is described in chapter 2. Furthermore, two binary
organic solvent systems that display a glass transition region with differing viscosity –
temperature relationships will be used. Dropping ball viscometry results in linear
relationships of the viscosity in the glass transition region with T-1,14 whereas rotating
disk determinations follow a non-linear relationship.15 These systems,
methylcyclohexane : methylcyclopentane = 1 : 1 (MCHMCP11) and isopentane :
methylcyclohexane = 3 : 1 (IPMCH31), are widely used as trapping matrices for
unstable species, and for this reason have been studied extensively. Although only one
rotating disk study for viscosity measurements on these systems is known, the linear
relationship of viscosity with T-1 in dropping ball experiments for organic glasses has
been confirmed in several studies. 30

5.2 The influence of viscosity on the photochemistry of molecular
motors
The compounds under investigation are displayed in Figure 2. They were first
introduced in chapter 2, and both have been published before. 31

hν
Δ
X

X

A

B

1A: X = O
2A: X = S

1B: X = O
2B: X = S

Figure 2: Compounds used in this chapter, introduced in chapter 2 and reported elsewhere.31

5.2.1 CD-spectroscopy
The rates for thermal helix inversion are known over a 200 K temperature
range for 1 and 2 (chapter 2). CD-spectroscopy of 1 in liquid propane at low solution
viscosity indicated that the position of the photochemical equilibrium (PSS) upon
irradiation with 365 nm light lies toward the stable form A both at 85 K and at 120 K
(Figure 3). This is interpreted as a qualitative indication that the position of the
photochemical equilibrium is not significantly affected by temperature in this range.
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Figure 3: Irradiation of 1 in liquid propane solution (left), and temperature profile for thermal
helix inversion (right). Baseline drift due to changes in CD-intensity which relate to the change
in temperature increases signal intensity below 120 K, and helix inversion is observed between
120 and 140 K.

The rate of thermal helix inversion of 1B was negligible below 115 K, but fast thermal
conversion to the stable form 1A was observed at temperatures above 125 K, as was
observed before in isopentane solution (chapter 2).31c
Application of the organic-glass forming medium MCHMCP11 resulted in
different behaviour. The spectrum of the stable form 1A was not affected significantly
by changes in temperature and viscosity. However, irradiation at different
temperatures, and associated different viscosities, resulted in a shift in the equilibrium
position, which was followed by the change in the spectrum at the PSS relative to the
spectrum of the stable form 1A. At lower temperature and associated higher viscosity
the spectrum at the PSS was more inverted relative to the spectrum of the stable form
1A. This is seen as a qualitative indication of a shift of the equilibrium position with
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Figure 4: CD-spectra of stable isomer 1 and of the irradiated sample mixture (365 nm) at the
photostationary state in organic-glass forming media IPMCH31 (left) and MCHMCP11
(right) at different temperatures.
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increasing viscosity toward a higher relative amount of 1B. A similar result was
obtained for the same experiment in IPMCH31 (Figure 4). The higher the viscosity at
a particular temperature, the more the equilibrium lies to the unstable form 1B.
Allowing the solution to warm to 150 K and subsequent reformation of the glass
results in restoration of the original 1A spectrum.
5.2.2 UV/Vis spectroscopy
Irradiation of 1 in IPMCH31 at 100 K resulted in the appearance of a new
absorption at longer wavelength. This band disappeared with recovery of the initial
spectrum by heating of the sample solution or upon irradiation at λ > 455 nm,
indicative of the unstable form 1B being formed as part of a photochemical
equilibrium upon irradiation.
120000
t0

-1

-1

ε [l mol cm ]

100000

Irr 365 nm
PSS
irr 455 nm

80000
60000
40000
20000
0

250 300 350 400 450 500 550 600
λ [nm]

Figure 5: UV/Vis spectra of stable 1 and the PSS resulting from irradiation of 1 in IPMCH31.

5.2.3 Fluorescence spectroscopy
The position of the photochemical equilibrium was determined quantitatively
by fluorescence spectroscopy. In the linear regime the fluorescence spectrum gives a
quantitative measure of the concentration of a species present in solution provided
that the sample is not moved or otherwise altered. The decrease in fluorescence
intensity is a measure of the decrease in concentration of the fluorescent species, and
in case of a binary equilibrium therefore a measure of the position of the
photoequilibrium. The higher energy isomer 1B does not fluorescence significantly in
solutions of low viscosity. At viscosities above 105 cP, however, fluorescence of 1B is
observed, and located at longer wavelength than that of 1A. This confirms that
fluorescence of 1A and 1B does not overlap significantly. For this reason quantitative
determination of the position of the photoequilibrium is possible through the decrease
in fluorescence intensity of the stable form 1A upon irradiation to the PSS. Equal
results were obtained from the decrease in signal intensity at λmax or by integration of
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the resulting spectrum; in the following section the results obtained by integration of
the fluorescence spectrum will be used.
Upon irradiation at 365 nm in liquid propane solution, the photostationary
state obtained was 39:61. Fluorescence attributable to the unstable form was not
observed. A series of experiments at different temperatures resulted in similar
photoequilibria for both irradiation with 365 nm light and with broadband irradiation
(λ > 280 nm). The time required to reach photoequilibrium was no more than 15
min. under these conditions; the irradiation was carried out under identical conditions
throughout the range of temperatures. The photoequilibrium was shifted slightly
toward the unstable form B using 365 nm light in comparison with broadband light
irradiation, due to the maximum in the absorption spectrum for the stable form 1A,
and the minimum for the unstable form 1B at this wavelength (Figure 5). The
relatively low absolute fluorescence of 1A under these conditions reduces the accuracy
for this series of determinations, however the photoequilibrium is not sensitive to
temperature in this range (Figure 6 and Table 1).
Application of organic-glass forming media MCHMCP11 and IPMCH31
under the same experimental conditions resulted in an increase in fluorescence
intensity and a concomitant increase in irradiation times to reach the
photoequilibrium. Due to practical limitations on irradiation times in a cryostat, 365
nm irradiation could not be performed in high-viscosity media because of the lower
intensity of light in combination with the decrease in photochemical quantum yield.
However, using broadband irradiation quantitative conversion to the unstable isomer
1B could be obtained, despite irradiation times of up to 8 h to reach
photoequilibrium. In Figure 7 two representative examples are displayed. On the right
t0
PSS (stable)
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0
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Figure 6: Fluorescence spectra of 1 in liquid propane at 85 K before irradiation at 365 nm and
at photoequilibrium (λexc(1A) = 360 nm, λexc(1B) = 460 nm).
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Figure 7: Fluorescence spectra of the pure stable isomer 1A and photo-equilibrated mixtures (λ
> 280 nm) of 1A and 1B at high (left) and low (right) viscosity in MCHMCP11 (λexc(1A) =
350 nm, λexc(1B) = 450 nm).

side, the fluorescence spectra of 1A and 1B at low viscosity in MCHMCP11 are
depicted. Upon irradiation with broadband light, the fluorescence of 1A decreases to
82 % of the value before irradiation (PSS 1A : 1B = 82 : 18). When probing 1B under
these conditions (λexc = 460 nm), fluorescence of this isomer is not observable (dotted
line). On the other hand, at high viscosity 1A fluorescence decreases to 3 % of the
original value (Figure 7, left), representative of a PSS of 1A : 1B = 3 : 97. Under these
conditions, fluorescence of 1B is readily observable (dotted line).
Expressing the position of the photoequilibrium as ln(φB/φA), ignoring the
absorption coefficients because of the use of broadband light, a relationship of the
position of the photoequilibrium with temperature and viscosity could be established.
No correlation of the position of the photoequilibrium with temperature is observed,
provided the viscosity remains within the same order of magnitude (Table 1). Plotting
of the same points on a viscosity axis resulted in an exact overlap of the position of the
photoequilibrium for both media when the viscosity is measured using a dropping
Table 1: PSS positions of 1 for different temperatures and irradiation sources in liquid propane
solution determined by fluorescence spectroscopy.
λ> 280 nm
T [K]
90
95
100
105
125
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λ= 365 nm
% 1B
17
25
17
23
20

T [K]
85
109
115
120
125

% 1B
47
39
25
31
40
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ball method.14 Therefore, the shift of the photoequilibrium toward the thermally
unstable form 1B seems to be due to a viscosity effect (Figure 8). On the low viscosity
side, data are less reliable due to lower absolute fluorescence, whereas in the highviscosity regime only the data obtained in MCHMCP11 can be used due to
solidification of IPMCH31 at these temperatures.
In contrast, using data from the rotating disk method for viscosity
measurement,15 overlap of the curves is not observed (Figure 9). Although it is hard to
say which method of viscosity determination yields more reliable results, it is still
possible to conclude that the effect of the shift of the equilibrium position is due to
the increase in viscosity more than due to other effects; the smaller size and higher
flexibility of isopentane in comparison to methylcyclopentane might cause a different
(more 'flexible') microenvironment, in which the equilibrium is less easily affected.
However, given the fact that viscosity measurements using the rotating disk method
are performed under high mechanical stresses, and the dropping ball experiments are
likely to leave the glass in a more equilibrated state, the results reflect a clear viscosity
effect on the position of the photochemical equilibrium of 1.
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Figure 8: Position of the photoequilibrium between 1A and 1B upon irradiation with
broadband light (ln(φB/φA)) vs reciprocal temperature and logarithmic viscosity in media with
three different viscosity – temperature relationships, determined by the dropping ball method.
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Figure 9: Position of the photoequilibrium between 1A and 1B upon irradiation with
broadband light (ln(φB/φA)) vs reciprocal temperature and logarithmic viscosity in media with
three different viscosity – temperature relationships measured by the rotating disk method.

The Conolly solvent-excluded volume was determined for both 1A and 1B on
structures optimised with Density Functional Theory (B3LYP 6-31G (d,p)) using the
programme package Gaussian 03. 32 The most stable conformation of molecular motor
1 (1A) has a free volume of 254.9 Å3, and the higher energy isomer 1B takes up a
smaller free volume, 249.2 Å3. This means that during the transition from the higher
energy isomer 1B to the lowest energy isomer 1A the volume expands by 2.3%.

Figure 10: Optimised structures of 1A (left) and 1B (right).
Table 2: PSS positions for irradiation of 1 at different viscosities in MCHMCP11.
T [K]
95
100
105
109
115
120
125

168

ln(η)
15.66
12.66
9.90
8.29
6.45
4.14
2.30

λmax (1A)
460
464
470
473
476
478
479

% 1B
99
97
92
75
43
19
18

φΒ / φΑ
90.06
38.51
11.36
2.97
0.76
0.24
0.22

ln (φΒ / φΑ)
4.50
3.65
2.43
1.09
-0.27
-1.43
-1.51

Molecular motors in glassy environments

5.2.4 Influence of viscosity on the thermal pathway
To study the influence of glassy environments on the rate of thermal helix
inversion, a different compound is required. For this experiment, compound 2 was
selected because at low viscosity in propane it displays thermal conversion from 2B to
2A at a considerable rate in the region where the binary organic glasses display glass
transition (chapter 2). The (extrapolated) rate constant for 2B → 2A conversion at
100 K is 6.5×10-2 s-1, with an associated half-life time of 11 s. In contrast, the rate
constant for thermal 2B → 2A conversion in organic glass MCHMCP11 at 100 K
was found to be 1.0×10-3 s-1 (t1/2 = 672 s). In comparison with the results obtained
regarding solvent influence on the rate of thermal helix inversion (chapter 2), the
influence of viscosity seems much more pronounced. In chapter 2, low viscosity
solvents of varying polarity were used to evaluate their influence on the rate of thermal
helix inversion, and it was found that the half-life time can alter this rate on average
two-fold. Here, given the high similarity in solvent characteristics apart from viscosity,
a much larger influence of the environment is observed. It is therefore reasonable to
assume that the highly viscous solvent matrix provides extra stabilisation to the
unstable form 2B by additional (mechanical) interactions.
Extending this idea, the rate of thermal 2B → 2A conversion was recorded at
different temperatures in MCHMCP11, and plotted vs. T-1 (Figure 11 left). This
resulted in a straight line (R2 = 0.999), despite the onset of viscosity in this
temperature region. As dropping ball methods for the determination of viscosity result
in a linear dependency of viscosity with T-1 during glass transition, and given the fact
that the well-known Arrhenius relation predicts a linear relationship of ln(k) with T-1
at the same viscosity, from here on the values for viscosity obtained by the dropping
ball method will be used. When doing so, it is possible to separate the rate constant for
thermal helix inversion into two components, a temperature dependence and a
viscosity dependence. The temperature dependence has been determined previously in
'normal' solution of propane (chapter 2); extrapolating these values to higher
temperatures provides the rate constants at the temperatures where the rate
determinations in MCHMCP11 were performed. In the present study, the influence
of the viscosity on the rate constant for thermal helix inversion can be obtained by
subtracting the rate constant at high viscosity from the rate constant at low viscosity.
For this, rate constants and viscosities are first converted to their exact values and then
subtracted, before converting them back to their natural logarithms. Correction for
the small change in viscosity of propane over this temperature region 33 has been
included in these figures, although it does not make significant difference in the final
result. The linear relationship thus obtained is the dependency of the rate constant for
thermal 2B → 2A conversion on viscosity, with the temperature effect excluded
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Figure 11: Rate constants of thermal helix inversion of 2 during glass transition of
MCHMCP11 and in the low-viscosity medium propane (left). The dependency of the rate
constant on the mechanically stabilising glassy environment can be obtained by subtracting rate
constants at high viscosity from those at low viscosity (right).

(Figure 11 right). Such relationship establishes the dependency of the rate of thermal
helix inversion against a viscous environment, i.e. a mechanically opposing force of
known magnitude.
It has been observed in the previous section that the Conolly solvent excluded
volume of the higher energy isomer of 1 is smaller than that of the most stable isomer.
Repeating these calculations for 2, it was found that this also holds for this compound.
The calculations and optimised structures for 2 have been described in chapter 3. The
(twisted) photochemical product has a molecular volume of 265.3 Å3, whereas the
most stable conformer has a molecular volume of 271.9 Å3. This means that during
thermal relaxation from the photochemical product to the lowest energy isomer the
volume expands by 2.4 %.

5.3 Discussion
Some striking similarities of the photochemical behaviour of stilbene with the
behaviour of molecular motor molecules are apparent. 34,35,36,37,38 Qualitatively, it can
be seen that the increase in irradiation time from approximately 15 min in low
viscosity media to over 8 h in glassy environments to reach photoequilibrium in the
same setup indicates a drop in quantum yield of the photochemical cis - trans
isomerisation, similar to what is observed for stilbenes. Secondly, observation of
fluorescence of the stable form 1A but not, in general, of the unstable form 1B,
correlates with the presence of an energy barrier on the (S1) excited state surface on the
side of 1A, as has been observed experimentally for trans-stilbene.2 This has been
confirmed experimentally for 1 by pump-probe studies (chapter 2). 39 For this reason,
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the stable form 1A can be assumed to be comparable to trans-stilbene, and the higher
energy isomer 1B to cis-stilbene, reflecting their relative stabilities. The observations
with respect to the solvent-excluded volume display a reversed trend however;
although the general shape of the excited state energy surface has been preserved upon
the functionalisation of stilbene toward molecular motors, the additional features of
the molecular motor have reversed the trend in solvent-free volume.34c,40 With the
higher solvent-free volume of the stable isomers A relative to the unstable isomers B,
photoisomerisation of B to A requires an expansion into the solvent shell, which
becomes more difficult with increasing viscosity. On the other hand, photochemical A
to B conversion can take place inside the same solvent cavity, which is much less
affected by viscosity. Therefore the photochemical reaction rate for conversion of 1A
to 1B is much less affected by the increase in viscosity than the conversion of 1B to
1A. Because the ratio of these two rates determines the position of the
photoequilibrium, the equilibrium shifts toward higher conversion to the unstable
form 1B upon application of high viscosity.
5.3.1 Power output of molecular motors
The retardation of thermal B → A conversion is in agreement with the above
analysis, because this step then should be associated with volume expansion. A linear
relationship of the logarithm of the rate constant with the logarithm of viscosity is
obtained when separating the viscosity influence from the temperature influence
(Figure 11). Two physical explanations for the retardation of helix inversion in glassy
environments can be considered:


Slow reorganisation times allow for slow random deformations of the solvent
cavity; as volume expansion can only take place after the cavity is enlarged by
random thermal motion, helix inversion is retarded in such environments.



Helix inversion is associated with a release of free energy. As the solvent shell is
part of the system undergoing this process, part of the free energy is used to
reorganise the solvent shell, making room for volume expansion.

Although these two explanations are interrelated, there is one important
difference: in the first case, the molecule is passive, and can only wait for the solvent
cavity to reorganise by random Brownian motion in such a way that volume expansion
can occur. In this case, no work is performed on the environment, and Gibbs energy is
converted completely into random thermal motion. In the second case, it is assumed
that intermolecular interactions result in the excess Gibbs energy of the higher energy
isomer influencing the solvent shell directly. It is not dissipated through solution as
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heat and translational motion because translation is slow in glassy environments. In
this case, actual work is performed through volume expansion against an opposing
force. Although it is likely that both models hold to a certain extent, from the
experimental data available for 2 a fundamental limiting value for the amount of work
performed by this molecular motor can be determined. Viscosity serves as the
opposing force, and is quantified in this system. The same holds for the rate of volume
expansion, i.e. the rate of thermal helix inversion. Approximating 2A and 2B as
spheres, the radius can be determined from the molecular volume: r2A ≡ r2 =
4.019×10-10 m, r2B ≡ r1 = 3.985×10-10 m. Approximating the expansion rate as linear, it
can be written as

vr =

(r2 − r1 )
t1

2

2

In collaboration with Prof L. Janssen of the Institute for Technology,
Engineering and Management, an expression for the energy required to expand a
sphere against an opposing viscosity was derived (experimental section).
r2

r2

r1

r1

(

Eη = ∫ τ r ∂V = 8πηv r ∫ r∂r = 4πηv r r22 − r12

)

3

Because the power output is the energy dissipated per unit time, the average power
exerted on the viscous medium is given by:

P = 8πηrν r2

4

Combining equations 2 – 4, an expression for the maximum power output of a
molecular motor is obtained:

P=

(

4πη (r2 − r1 ) r22 − r12
t 12

)

5

2

The dependence of the rate on viscosity can be evaluated by determination of
the rate constants in glassy environments with known viscosities and subtracting these
rates from the rates at low viscosity. The residual rate constants reflect the dependence
of the rate on viscosity, with the temperature effect excluded. From these residual rates
kη residual half-life times t1/2η can be obtained (table 3).
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The data provide a constant value, P = 3.8(1)×10-25 W, for all viscosity – rate
combinations. This value is the maximum average power output per molecule, that is
valid when the medium is completely 'pushed away' by volume expansion of the
motor, rather than where volume expansion follows reorganisation of the solvent shell
by random motion. This number allows for some interesting facts with regard to
efficiency.
The total energy input is given by the energy of a photon: E(365 nm) =
5.44×10-19 J. Photons absorbed but not used in photochemical cis – trans
isomerisation are ignored in this analysis; if required, the total energy input can be
obtained by multiplication of energy of a single photon with the total number of
photons required to induce one cis-trans isomerisation. In that case, the single photon
energy should be multiplied by the reciprocal quantum yield φct-1.
The energy difference between the higher energy isomer and the most stable isomer
represents the maximum possible amount of energy that can be dissipated. The energy
difference has been calculated to be 14.9 kJ mol-1 (chapter 3), which corresponds to
2.47×10-20 J per molecule. The maximum energy efficiency that can be attained is
therefore 4.5%, the ratio of the maximum available energy to the energy of a photon.
However, given that the energy output required for volume expansion equals 4.2×10-24
J per half rotation at 100 K, the true efficiency in terms of light energy conversion in
this case is 8×10-4 %; the molecule uses 1.7×10-2 % of its available energy to reorganise
the solvent shell. The rest of the energy is dissipated via vibrational heat.
Table 3: Viscosities and experimental residual half-life times in relation to the expansion rate
and the power output.

η [kg m-1 s-1]

t1/2η [s]

νr [m s-1]

Eη [J]

P [W]

3.90×108
2.25×108
1.31×108
8.63×107
5.07×107
3.15×107
2.00×107

10.8
8.3
6.5
5.0
3.9
3.1
2.5

3.2×10-13
4.1×10-13
5.2×10-13
6.8×10-13
8.6×10-13
1.1×10-12
1.4×10-12

4.2×10-24
3.1×10-24
2.3×10-24
2.0×10-24
1.5×10-24
1.2×10-24
9.4×10-25

3.9×10-25
3.8×10-25
3.6×10-25
4.0×10-25
3.8×10-25
3.8×10-25
3.8×10-25
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5.4 Conclusion
Motor photochemistry relates strongly to stilbene photochemistry. A
pronounced difference is the solvent-excluded volume of the lower and higher energy
isomers; for stilbenes the lowest-energy isomer has the smallest molar volume, whereas
for molecular motors the higher energy isomer has the smallest volume. This allows
for tuning the photoequilibrium position by adapting the viscosity of the medium at
temperatures where thermal relaxation of the photochemical product does not occur.
Since the efficiency of the photochemical reaction that causes an expansion of volume
(i.e. from the higher energy to the lowest energy isomer) decreases much more than
the efficiency of the pathway that causes a decrease in volume, the equilibrium shifts
from approximately 20% unstable to 99% unstable in the glass-transition region of
organic apolar binary solvent systems due to the increase in viscosity.
The process of thermal helix inversion that allows for regaining the lowest
energy conformation occurs with an increase in terms of molecular volume.
Experiments on the thermal process in the glass-transition region of organic glasses
reveal that the process is significantly retarded upon application of viscosity.
Comparison of the rates at normal viscosity in solution and at high viscosities allow for
a separation of temperature- and viscosity effects. The viscosity-dependence of the rate
constant is assumed to reflect the mechanical stabilisation force of such media, and
from that a fundamental limit on the power output of molecular motor 2 is
determined to be 3.8×10-25 J per molecule per half rotation.

5.5 Experimental section
All compounds were prepared following previously reported procedures. 41 UV/Vis- and CD
spectroscopic experiments were performed using an Oxford Instruments OptistatDN variable
temperature liquid nitrogen cryostat inserted in a Hewlett-Packard HP 8543 diode array
spectrophotometer or a JASCO J-715 spectropolarimeter. Fluorescence-experiments were
performed on a Horiba Fluorolog R-3 modified to allow insertion of the cryostat, and
equipped with a 399 cut-off filter in front of the detector. Uvasol-grade solvents were used,
except in the case of propane, which was received as a pressurized gas. Spectroscopically clear
propane samples were prepared by liquefaction of propane at 200 K in a flame-dried nitrogen
atmosphere, and dried over MgSO4. A 10-5 M isopentane solution containing the sample was
evaporated to near-dryness and placed in the mouth of the nitrogen-flushed cryostat, in a
continuous stream of nitrogen. The sample was diluted to the original volume by pouring the
dried liquefied propane through a funnel-and filter combination into the sample cell, which
was then immediately inserted into the cryostat. Using this procedure, the strong nitrogen
stream prevented condensation of water on the outside of the cuvet, and spectroscopically clear
propane samples were obtained. Irradiations were performed using a 200W Oriel Xe(Hg) lamp
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or a 200W Oriel Hg-lamp fitted with suitable bandpass filters (typical bandwidth 10 nm).
Temperature equilibration was ensured by waiting periods of 15 min for the low viscosity
(propane) experiments; periods of up to 90 min. were required for equilibration of organicglass-forming media before the start of the experiment. These periods were established
separately by time-resolved UV/Vis spectroscopic experiments on the glass-forming media.
Derivation of equation 5
Expansion of volume with rate νr against an opposing force
delivered by the viscosity of the medium η results in
delivery of power to the medium. However, models that
take the discrete character of molecules into account are
highly complex due to their statistical nature. Because in the
literature as yet no agreement exists as to how to model
viscosity in a discrete model, we do not consider application
of any such model for use in calculations on intermolecular
mechanical energy transfer. Instead, a model is adopted in
which a discrete molecule is surrounded by a continuous
matrix. This is justifiable because in a glassy environment,
relaxation times are long compared to in normal solution. Volume expansion of the molecule
during the thermal transition to the most stable isomer is associated with a full active
conversion of the energy into work, i.e. the pushing away of the solvent shell to make enough
room for the new isomer. Thereby the result is an expression for the maximum power output,
by the arguments presented earlier (pages 173 and 174).
The energy required to 'push away' medium of viscosity η can be obtained from fluid
dynamics using the continuity equation, which is a means of saying that the mass that enters a
system is equal to the mass that leaves a system. The continuity equation is written in a general
form as

∂ρ
= −∇ • (ρν )
∂t

6

in which ρ is density, ν is speed and t is time (∇, 'nabla' is a differential operator for use in
vector calculation). In an incompressible fluid ρ is considered a constant and the continuity
equation reduces to

∇ν = 0

7

Written in radial coordinates, and assuming only velocities in radial directions this is equal to
stating:

1 ∂ 2
r vr = 0
r 2 ∂r

(

)

8
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differentiating by parts results in the relation

∂v r
∂r
= −2
vr
r

9

Integration of 9 reveals that the rate of expansion νr decreases exponentially with radius
according to

vr =

c
r2

10

in which c is a constant. However, from 9 it is also clear that

∂v r
v
= −2 r
∂r
r

11

According to the constitution equation the shear stress τ of a surface in a Newtonian medium
of viscosity η is given by

τ r = −η

∂v r 2ηv r
=
∂r
r

12

Integration of this expression over the expansion from r1 to r gives the energy used for freeing
volume between the starting radius r1 and r, Eη:
r

r

r1

r1

(

Eη = ∫ τ r ∂V = 8πηv r ∫ r∂r = 4πηv r r 2 − r12

)
3

Because the power P exerted on the medium is equal to the time derivative of energy, an
expression for the power output during volume expansion is obtained:

P=

∂Eη

∂ν
∂r ⎞
⎛
= 4πη ⎜ (r 2 − r12 ) r + 2ν r r ⎟ = 4πη (r 2 − r12 )a r + 2rν r2
∂t ⎠
∂t
∂t
⎝

(

)
13

Although it is known from 10 that the rate of expansion decreases exponentially with radius, it
is difficult to solve 13 for such expansion. Instead, linear expansion is assumed, in which case
the radial acceleration ar = 0 and 13 reduces to

P = 8πηrν r2
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Using this linear approximation, we can calculate the average power output during expansion
by integration of 4 over the full expansion
r

2
8πην r2 (r22 − r12 )
1
< P >=
P
∂
r
=
(r2 − r1 ) ∫r1
(r2 − r1 )

14

Because a linear expansion rate is assumed, νr can be written as the distance traveled by the
average time it takes to cross this distance. This time is directly related to the rate constant k of
the thermal process, as the half-life time t1/2 is defined as the time in which half of the particles
has undergone transition. Therefore,

vr =

(r2 − r1 )
t1

2

2

Inserting equation 2 in equation 14 gives an expression for the average power exerted by a
motor molecule in which both the initial and the final state are approximated by spheres,
assuming a linear expansion rate in an incompressible Newtonian liquid that is modeled as a
continuum:

P=

(

)(

4πη r2 − r1 r22 − r12
t 12

)

2
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Chapter 6

Design, synthesis and characterisation
of a molecular walker system
In this chapter the design principles of a molecular system, that in principle should be
capable of linear translational motion upon irradiation, is outlined. The design is based on
a rigid scaffold combining two molecular rotor subunits, that connect to traditional stator
parts via parallel axles, with the stators oriented in opposite direction. Such a design gives
rise to a molecule that features two rotating wheels, which, depending on the diastereomeric
identity, rotate in equal or opposite directions. Principles of design are discussed, and
synthetic approaches featuring naphthalene, dibenzo[1,4]dioxin and benzo[c]chromene
scaffolds have been investigated. The benzo[c]chromene approach leads to two molecular
double motors that are characterised by a variety of spectroscopic methods. Photochemical
experiments confirm that the motor function is preserved, and widefield single molecule
spectroscopy allows for tracking of translational motion on glass and mica surfaces. STMimages of these structures correlate with single molecules being observed.

Chapter 6

6.1 Introduction
Crossing the barrier from interesting science to the development of potentially
applicable devices requires the field of molecular nanotechnology to gain control of
motion at the molecular level. This can be considered the Holy Grail of the field, and
as such the subject is given much thought. 1 Four dimensions over which control of
motion can be achieved theoretically are being distinguished, being time (rate of
motion), and the 3 basic coordinates x, y and z. The lowest level of control is then
control over time, a form of control in which we can influence the rate, but not the
direction of motion of molecules. In other words, the lowest level of control over
molecular motion is the control over diffusion, and several attempts in this direction
have been made. 2 An attempt to use overcrowded alkene-based molecular motor
systems to achieve this failed for reasons that are understandable in retrospect, which
has been described in chapter 4.
A higher level of theoretically achievable control over molecular motion is to
control not only the rate, but also the direction of motion. The simplest example of
this is a molecule that moves in a straight line. Nature has provided us with ample
examples of its feasibility. 3 By motion along an existing 1-dimensional trail x, the
other 2 degrees of freedom y and z are effectively discarded, resulting in controlled
molecular motion along a straight line.
A much greater challenge is to gain control over two degrees of freedom for
molecular motion. In that case, motion can be controlled not only in the x-direction,
but 'steered' in x- and y-directions. This can only be achieved on a surface or some
other form of interface, where the two directions are predefined. Finally, full control
over molecular motion is achieved in three coordinates (x, y, z ) in time, which should
be the final theoretical goal. However, due to the random forces associated with
Brownian motion, as yet no evident approaches to perform this exist; even nature's
abundant array of examples does not provide us with clues of how to achieve this.
A way to partly disable Brownian motion to a large extent is to adsorb a
potentially moving structure to a surface. If the Van der Waals forces that facilitate the
absorption are strong enough, the structure will remain in place without drifting,
despite the heavy motion of solvent (or air) molecules just above and onto the
adsorbed structure. A large central structure, possibly with characteristics favouring
experimental detection, is therefore anticipated to provide a chance of achieving this.
In such case, repetitive unidirectional motion of wheels attached to the side of the
scaffold could allow for one-dimensional controlled linear motion when the wheels are
rotating in the same direction. Synthetically this may be challenging as during
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synthesis it is likely that a mixture of diastereomers is obtained. In this case, the meso
compound will have the wheels rotating in the same direction, whereas the RR and SS
enantiomers will have the wheels rotating in opposite directions (Figure 1).

Figure 1: Direction of wheel rotation for diasteromeric possibilities of a molecular walker.

In the case of the meso compound, two mechanisms to provide linear motion
can be distinguished (Figure 2). First of all, mechanism 1 can be considered, in which
the wheels rotate one by one by cis – trans isomerisation and subsequent thermal helix
inversion. This mechanism relies on the assumption that rotation of the wheel, with
the scaffold bound reversibly to the surface, creates some form of friction, resulting in
a forward force. Which wheel undergoes isomerisation is not predefined, as excitation
of the full structure could result in double bond isomerisation of both the front and
the back axle. Which one isomerises is effectively a chance-based process, and for the
case of equal stators the probability is around 0.5 for both stators. However, with the
axles parallel and the wheels on different sides of the scaffold, a series of rotations
would result in an average forward motion. Whether the friction that is required
actually exists cannot be estimated from research data at this point; however,
mechanical considerations are is support of this assumption given that the surface
interactions are just right. Apart from that, the existence of rolling molecular motion
can be considered indicative of the presence of a form of friction at this level. 4 Any
directional reorientation by Brownian motion would disturb the linearity of the line of
motion, so it is evident that the full structure in absence of wheel rotation should be as
motionless as possible. If that is so, even a low rate of rotation would result in
controllable translational motion. On these grounds, some form of linear translational
motion is anticipated if mechanism 1 is found to be valid.
Elaborating on this mechanism, steering of the structure in two dimensions is
then on the horizon. By adapting the structure to have two separate wheels featuring a
different quantum yield of cis – trans isomerisation, a curved trajectory would be
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expected, based on what axle has a higher probability of isomerisation, and the
orientation on the surface. In this case, the chance of isomerisation would be different
for one axle relative to the other. The curvature of motion is the result of a small
sideward force associated with rotation of an axle oriented sideward of the scaffold, by
the sideward component of the force resultant from the friction required in this
mechanism. Another possibility that should be investigated is wavelength-directed
steering: by preferential excitation of either the front or the back part of the molecule
by different absorption characteristics of the stators it may be possible to influence
which side undergoes isomerisation, creating controlled bents by the same sideward
force component of the rotating wheel. For this approach to work, the excited state of
the molecule should not be homogeneous, but rather excitation of one part of the
molecule should result in a higher chance of that axle isomerising. The molecule
should thus consist of more or less separated photochemical 'subunits', which is a wellproven possibility. For instance, the possibility of intramolecular energy transfer is
indicative of the possibility of having separate photochemically active parts in the same
molecule. 5 However, energy transfer in itself presents a complication in such systems,
as these processes are hard to predict or control.
A second mechanism can be envisioned as well (mechanism 2 in Figure 2).
Double bond isomerisation could lead to rotation of the scaffold with respect to the

Figure 2: Schematic picture of possible mechanisms for molecular walking.
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stator, in which case the stator would remain on the surface. If the frictional forces of
rotation of the stator with respect to the surface in a small volume are larger than the
forces associated with motion of the scaffold through a large volume, this mechanism
is expected to be favoured. Especially in the case of experiments on solid surfaces in
the absence of solvent (i.e. surface – air or surface – vacuum interfaces) this might well
be the case, because of the large free volume available in such conditions. Several
advantages of this mechanism over the previous mechanism can be distinguished: first
of all, the step size becomes larger, as the scaffold in most cases would be larger than
the stator. Secondly, the randomness of which double bond isomerises will be
removed; a preference for isomerisation of the front axle will be present, as the back
axle cannot rotate in this mechanism. Assuming absence of directional reorientation
by Brownian motion, a highly linear pathway is expected due to alternate
isomerisation of both axels. However, the probability of directional reorientation by
Brownian motion is higher in this case than for mechanism 1, as most of the structure
becomes detached from the surface for a relatively long time. An average detachment
time of about one half-life time for thermal helix inversion is expected.
From this line of reasoning a general design for a molecular walker system that
is capable of moving in a straight line in one direction was constructed (Figure 2). In
general terms, we envision a rigid scaffold, which connects two unidirectionally
rotating substructures functioning as legs or wheels. With two units that do ½
rotations alternately on average, this structure would follow a more or less linear path
as described above. Chiral methylcyclopentylidene units connected to standard stators
make up the unidirectional 'wheels', and the rigidity of the middle piece ensures a
proper spatial arrangement of rotating subunits. At the same time, the aromaticity and
size of the scaffold presents the possibility of fluorescent properties, allowing for
widefield fluorescence spectroscopy and STM as viable experimental detection tools.
However, the success of such a project relies on the synthesis of a structure that has its
wheels rotating in the same absolute direction.

6.2 Naphthalene-based molecular walkers
6.2.1 Retrosynthesis
The first step to achieve controlled molecular movement is the realisation of
linear movement, to be achieved by a molecular double-motor. Staying as close as
possible to the original motor structure, structures 1 and 2 were identified as a
potential synthetic goal. A retrosynthetic analysis is presented in Scheme 1.
Attachment of two, rather than one methylcyclopentylidene units to a central
naphthalene unit would turn the naphthalene unit into the envisioned central scaffold
3. Coupling to two stator units in a double Barton-Kellogg reaction then results in a
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structure compliant with the definition above. A major advantage of this approach is
that the structure remains as close to the original motor molecule as possible, so that
physical properties are expected to be preserved. On the other hand, the double
functionalisation required for this approach is unfavourable. Especially the BartonKellogg reaction, which is challenging even under favourable conditions, is expected to
result in low yields when attempting it on two sites of the same molecule at the same
time.
X
O
R
R
O

3

4: R = H
5: R = Me

X
1: X = S
2: X = -

Scheme 1: Retrosynthetic analysis of double motors 1 and 2.

6.2.2 Synthesis
In analogy to well-established methods for obtaining cyclopentylidene rotors, 6
direct naphthalene functionalisation according to Scheme 2 was attempted, but failed
to result in the formation of bisketone 3. For this reason, a different route was devised
starting from 2,6-dimethylnaphthalene 5 (Scheme 3). Because commercially available
5 consists of 5% regioisomers, this compound was prepared pure according to a
literature procedure. 7 Bromination of the methyl groups using NBS and irradiation in
benzene solution afforded bisbromide 6 in 70% yield. In an adaptation of a literature
procedure, 8 6 was reacted with the sodium salt of methyl diethyl malonate to provide
the bismalonate derivative 7 in 92% yield. This product was not isolated, but
O
O

PPA

OH

4

Scheme 2: Direct functionalisation of naphthalene 4.
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Br

70%

O

O

O

EtOH, 92%

5

O

O

O

O

O

6

O

O

7

O
O

1) 5M NaOH, Δ
2) 10M H 2SO4 , Δ

O

OH

PPA, 120oC

68%

HO

35%

O

8

O

3

Scheme 3: Synthesis of bisketone 3.

transformed directly into the free acid using NaOH solution, and subsequently
decarboxylated in H2SO4 to give the methylpropionic acid derivative 8 in 70% yield.
This compound was cyclised in PPA at 120 ºC to give bisketone 3 in 53% yield (33%
from dibromide 6).
A double Barton-Kellogg procedure was envisioned for the coupling reaction,
which turned out to be complicated. As neither bisthione 10 nor bishydrazone 11 is
X
TBS

X
S

N N
H
1) (CF3 CO)2IPh

+

S

TBS
NH , Sc(OTf)3
HN
TBS

H
N N
9

O

TBS

X
12: X = S
13: X = -

X

X

S
14: X = S
15: X = -

Laweson's
Reagent

O

S

2)

3
H 2NNH 2 H 2O
EtOH, Δ

S

1: X = S
2: X = -

PPh3
PhMe
Δ

10
X

H 2N N

N NH2
11

X
1: X = S
2: X = -

Scheme 4: Coupling of bisketone 3 with stator parts 12 and 13.
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stable, we were required to proceed via the TBDMS-protected hydrazone 9 (Scheme
4). This could be prepared by reaction in pure TBDMS-protected hydrazine (3 eq.) in
the presence of 5% Sc(OTf)3 at 100 ºC. 9 As it was found that deprotection occurred
in situ under the conditions for coupling, pure TBDMS-hydrazone 9 was reacted with
freshly prepared 9H-fluorene-9-thione 13 to provide a small (<<10%) quantity of
episulfide 15, which was desulphurised using PPh3 in toluene to result in an essentially
insoluble compound, which could not be characterised. Alternatively, reaction of 9
with 9H-thioxanthene-9-thione 12 resulted in a mixture of episulfides and alkenes,
that was desulphurised using PPh3 to give a highly insoluble compound that by mass
spectroscopy and 1H NMR spectroscopy could be identified as bismotor 1. However,
the insolubility of the compound(s) precluded purification of the crude product(s), so
that well-defined experiments on the photochemical behaviour were out of reach.
Preliminary photochemical experiments on the crude product mixture 1 did
not provide reproducible results, such as a distinct change in the UV/Vis-spectrum
upon irradiation, under circumstances where the parent motor (7 in chapter 2) gave
clear conversion to the higher energy isomer. Furthermore, fluorescence spectroscopy
revealed that this compound displayed at most very weak emission. Because of the
difficulties associated with the synthetic route, solubility and purification, this
approach to obtain a structure according to Figure 2 was not pursued further.

6.3 Bisbenzo[1,4]dioxin-based molecular walkers
6.3.1 Retrosynthesis
To increase solubility and enhance the fluorescence quantum yield, a second
synthetic target was indentified as having two molecular motor moieties centered onto
X

Y
Y

Z

O
O

OH

Z
O
X

X

17: Y = OH, Z = Br
18: Y = Br, Z = OH

19: Y = OH, Z = Br
20 : Y = Br, Z = OH

16: X = S

Scheme 5: Retrosynthesis of dibenzo[1,4]dioxin-based motor 16.
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a dibenzo[1,4]dioxin scaffold. A retrosynthesic approach is shown in Scheme 5. A
symmetric dissection of the dioxin bonds in 16 results in free phenolic motors 17 and
18 as convenient material for dibenzo[1,4]dioxin coupling.
Although a motor structure featuring a xylene rotor and a thioxanthone stator
such as 17 or 18 has not been prepared before, molecular modelling indicates that the
expectation of motor behaviour is quite reasonable for such compounds. The rotor
part of 16 has been described before, and was found to result in a small increase in the
rate of thermal helix inversion when connected to a fluorenylidene stator, in
comparison to naphthalene analogues.6 As the stator part of 16 has been shown to
result in high rates of thermal helix inversion when connected to a cyclopentylidene
rotor (chapter 2), molecular double motor 16 is expected to display rates of thermal
helix inversion higher than its naphthalene analogue (presented in chapter 2 as
compound 7). This means that the anticipated rate of thermal helix inversion lies
above 6.5×106 s-1 at 20 ºC. According to the discussion in chapter 2, high energy
differences between the stable and unstable form(s) in combination with an inherent
helical shape of the molecule in all of its conformations should result in unidirectional
motor behaviour, also in cases where experimental verification of the thermal pathways
is difficult to realise. In the absence of better methods, and in view of the synthetic
accessibility and functionalisability of such rotor structures, DFT-verification of the
isomeric possibilities of the base motor (Y = Z = H for 17 and 18, see Figure 3) seems
worthwhile. The inherent uncertainty associated with this approach is recognised, but
we expect some predictive value because the experiments in chapter 3 display good
correlation between experimental and calculated data. Since the predicted rates of the
processes associated with motor function lie at timescales that are difficult to access
experimentally (chapter 2), calculated data on this structure are considered a valuable
extension to the research into molecular double motor 16.

Figure 3: Conformations and relative energies of the single motor that makes up molecular
double motor 16.
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Analysis of the minima along the reaction coordinate for isomerisation of the
central double bond using DFT calculation (B3LYP, 6-31G(d,p)) indicates similar
geometries as found for the compounds described in chapter 3. The lowest energy
conformation was found to be anti-folded, with the methyl substituent oriented in an
axial orientation (a in Figure 3). A second local minimum with the methyl substituent
oriented in a pseudo-equatorial orientation and an anti-folded overall conformation is
comparable with minima found in chapter 3 (c in Figure 3). Furthermore, a syn-folded
conformation with the methyl substituent oriented in an axial orientation is present (b
in Figure 3). Similar to the naphthalene analogue in chapter 3, the xylene rotor in this
case results in a highly twisted minimum on the reaction coordinate, with the methyl
substituent oriented in equatorial orientation (d in Figure 3). Conformations b, c and
d have higher energy by 31.7, 32.6 and 44.5 kJ mol-1, respectively. The transition state
between c and b is calculated to have an energy 47.1 kJ mol-1, and is the same as the
transition state for conversion of c to a. Data on the immediate photochemical
product have not been obtained and should be subject of further research, as is
experimental verification of the reaction pathway. However, these data indicate that
the steric hindrance in this structure is sufficient to result in large energy differences
between the stable and unstable forms, rendering the thermal equilibrium
quantitatively on the side of the most stable isomer and effecting unidirectional helix
inversion. As photochemical cis – trans isomerisation is expected to occur for the
central double bonds of 16 just as it does for all other stilbene-like double bonds, there
is no reason to assume other than unidirectional behaviour for this compound. For
this reason, we anticipate unidirectional rotation for structure 16.
Based on these results, and the results obtained for structure 8 in chapter 2 it
is therefore assumed that 16 will display a rate of thermal helix inversion above
6.5×106 s-1 at 20 ºC. For this reason, these xylene-functionalised molecular motors will
be assumed to display unidirectional behaviour with high rates for thermal helix
inversion upon irradiation.
An advantage of the synthetic approach in Scheme 5 is the high degree of
convergence and the associated easy adaptation of the route to coupling different
stator units onto the same scaffold. Apart from that, the symmetric bond cleavage
allows for only a single regioisomer (2 diastereomers among which 1 pair of
enantiomers) as the theoretical outcome of the coupling reaction. Disadvantages are
the dioxin coupling, which is not a well-known reaction for electron-rich
dibenzodioxins (vide infra), and the requirement of a free motor phenol, which for
cyclopentylidene rotors has not been isolated before.
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It has been shown that deprotection of a methoxy group on a cyclopentylidene
rotor results in degradation of the structure. 10 Similar attempts using a TBDMS
protecting group resulted in highly unstable though isolable products for a first
generation molecular motor,10a but reproduction of this reaction proved tedious. For
this reason, another protecting group with mild deprotecting conditions that would
survive the coupling reaction was required. Methoxymethyl (MOM) protection was
chosen as a suitable candidate. Provided that acid is not used during workup, the
MOM-group will remain intact; the smallest amounts of acid will initiate its removal.
A special feature in this approach is that the identity of the indanone is not
predefined: both 6-bromo-5-hydroxy-2,4,7-trimethylindan-1-one 19 and 5-bromo-6hydroxy-2,4,7-trimethylindan-1-one 20 would couple to yield the same product 16.
However, the fact that these compounds are electronically different may prove useful
in the final dioxin coupling procedure. Although 19 is expected to be favoured during
formation of the ketone, 20 should not be discarded.
6.3.2 Benzo[1,4]dioxin coupling
Benzodioxins are a highly toxic class of chemicals, notorious for long biotic
lifetimes and environmental impact, especially the chlorinated and brominated
derivatives. 11 Although traditionally only minor interest in the preparation of these
compounds exists due to their high toxicity, more recently an interest into the
preparation of substituted dibenzo[1,4]dioxins has grown, driven by the discovery of
potential biomedical properties. 12
R

OH

O

R

A

2
X
22

R1
X

O
R1

R

23

HO

O

HO

O

+
X

B
R2

24

25
O-

R2
23

Cl

O

Cl

O

+
O-

C
Cr(CO) 3

26

27

23a

Scheme 6: Methods for the preparation of bisbenzo[1,4]dioxins.
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According to a paper by Lee and Denny, 13 three main routes toward these
compounds are known (Scheme 6): condensation of o-halophenols in the presence of
base gives products 23, albeit in low yields (10 – 20%, method A). The reaction has
been used to prepare the symmetric compound (R = H), 14 as well as functionalised
analogues. 15 It is not fully regiospecific as one would expect, 16 which is attributed to
the occurrence of a Smiles rearrangement during synthesis (Scheme 7). 17 However, it
is not clear whether this is general for all reaction conditions, and the ratio of products
formed appears to be product-driven, so that the regiospecificity might be controlled
by steric or electronic factors. Two different halophenols have also been used, which
resulted in a complex though separable product mixture. 18
More convenient is the coupling between catechol and activated ochlorobenzenes (method B in Scheme 6). Although it is not regiospecific, this reaction
has been used to prepare asymmetrically substituted products in 10 – 25% yield. 19 In
these reactions, nitro activation is often used to promote chloro substitution, although
the absence of nitro-substituted products indicates that it also acts as a preferential
leaving group.19b Nitro-activation is not necessary however, as it is found that
polychlorobenzenes are suitable candidates in this reaction as well. 20
More recently, other halogens have been used in this method; cyano- and
nitro activated fluoro displacement has been described by Eastmond and Swanson to
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R
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Scheme 7: Smiles rearrangement (adapted from ref. 18).
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proceed in high yield (90 – 100%), 21 diiodobenzenes can be coupled to 2,3dihydroxynaphthalene in 2 – 25 % yield 22 and dibromobenzenes and
difluorobenzenes can be coupled with 2,3-dihydroxynaphthalene, 23 with activated
fluorobenzenes giving the better yields. Interestingly, the reaction conditions tested in
this work were also tested on related halophenols according to route A, but failed to
provide any product.
Alternatively, halogen activation has been achieved using organometallic
reagents (method C): tricarbonylchromium 24 as well as cyclopentadienyliron 25
complexes have been reported to result in dibenzo[1,4]dioxin in reasonable to high
yield, but the formation of the complex itself cannot be achieved efficiently, which
renders this method not attractive synthetically.
However, the methods described generally suffer from low yields, and all
require harsh conditions. High temperatures, alkali metals or copper (salts) and/or
strong bases are required for the formation of 23, and also in cases where only a single
regioisomer would be expected (method A), a mixture of regioisomeric products is
sometimes obtained.
As the synthetic path to obtain isomerically pure 16 is much shorter using ohalophenols, method A is the pathway of choice despite the general literature
preference for method B. In addition, as motor molecules generally are much less
stable than the compounds described for these couplings, harsh conditions for the
coupling will have to be avoided.
For this reason, a method for well-defined benzo[1,4]dioxin-coupling using ohalosubstituted phenols will have to be developed. Numerous procedures for the
preparation of diphenyl ethers are known, 26 and aryl-O bond formation is covered by
an even a larger scope of possibilities, among which copper 27 and palladium 28
couplings are the most prominent. As among these approaches relatively mild methods
prevail, it is possible that a method can be identified that yields dibenzo[1,4]dioxin 16
according to Scheme 8. Regiochemistry might be driven by the steric bulk of the
reactant, suppressing, partly at least, the Smiles rearrangement that would result in
complex product mixtures. As moieties 17 and 18 are difficult to access, tests for this
reaction were performed using 2-bromo-3,6-dimethylphenol 28 29 using various
reaction conditions.
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Scheme 8: Symmetric dibenzo[1,4]dioxin coupling via o-bromophenol 28, with common side
products.

In a first attempt, palladium-based couplings were tried using literature
procedures for the formation of diaryl ethers. 30 However, the use of 2-(di-tertbutylphosphino)biphenyl 31, 2-dicyclohexylphosphino-2'-4'-6'-triisopropylbiphenyl,
(XPhos, 32) or the more hindered analogue 2-di-tert-butylphosphino-2'-4'-6'triisopropylbiphenyl (di-tBuXphos, 33, Figure 4) provided only minor amounts of
29, the main product being 21. The conditions used (1.0 eq. 28, 2.0 eq. K3PO4, 2%
Pd(OAc)2 and 3% ligand in 0.3 M dry toluene at 100 ºC, 24 h) represent optimised
conditions for the formation of electron-rich, sterically hindered biaryl ethers, for
which application of 33 results in 92% yield of 2,5-dimethyl-o-xylyl ether. The
absence of required product 29, or partly coupled but reduced product 30 validates no
further work in the direction of palladium-assisted couplings.
In an attempt to use copper as the catalyst, a first attempt was made using
Ullmann conditions (DMF and Cu(s) in the presence of 1 eq of K2CO3 at reflux).
Although these conditions are estimated to be far from suitable for the formation of
final product 16, the resulting product mixture of 29 and 30 with only a minor
amount of 21 gave some confidence for finding suitable copper-mediated conditions.
As several studies noted that the use of additives and different copper sources
favour milder reaction conditions, 31 an initial screening was performed to identify a
method toward 29. As can be seen from Table 1, 29 was formed in most cases, but
side products 30 and 21 were formed as well. Molecular sieves (4 Å) were found to
have no effect on the reaction, but the addition of ca 10% TMHD to a NMP solution
was found to suppress the formation of side products. However, these conditions did

P(t Bu)2

P(Cy)2
iPr

iPr

31

iPr

iPr
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33

Figure 4: Ligands used in the palladium-assisted coupling of 28.
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not result in formation of 29 in more than 20% yield. More success was obtained
using the CuBr-SMe2 complex in acetonitrile; 41% product yield was obtained under
these conditions. 32 For this reason, it was estimated that after a systematic
optimisation, the reaction of 28 to 29 should be possible in reasonable yield using
relatively mild reaction conditions. However, free phenol 17 or 18 is required, and at
this point it was not certain whether such compounds could be obtained.
Reagent

Solvent

Base

additive

T [ºC]

products

Cu

DMF

x

x

50-130

21, 29,30

CuI

DMF

CsCO3

x

120

21, 30

Cu(PPh3)Br

DMF

CsCO3

x

100 - 130

29, 30

Cu(PPh3)Br

NMP

CsCO3

Molsieves

70

21, 29, 30

Cu(PPh3)Br

NMP

CsCO3

Molsieves
TMHD*

100-130

29 (20%)

Cu(PPh3)Br

PhMe

CsCO3

x

110

21

Cu2O

Pyr

x

x

115

21

CuBr-SMe2

MeCN

CsCO3

pyridine

70

29 (41%)

* TMHD = tetramethylheptanedione

Table 1: Conditions for reaction of 28 to yield 29 based on literature procedures for the
formation aryl ethers.31

6.3.3 Bisbenzo[1,4]dioxin molecular walker synthesis
Two possible routes are envisioned to obtain ketones 19 and 20: preparation
of bromide 28 and subsequent cyclisation to obtain 19 and/or 20, or alternatively
preparation of indanones 34 and/or 35, and subsequent bromination (Scheme 9). In
the first case, bromination of 2,5-dimethylphenol 21 according to a literature
procedure29 gave bromophenol 28. Several procedures, among which reaction of
methacrylic acid in PPA and Friedel-Crafts reaction with α-methyl-β-chloropropionic
acid chloride to obtain the indanone from this compound were attempted, but neither
free phenol 28 nor its methyl- or TBS protected analogues provided 19 or 20
(Scheme 10). In contrast, reaction of methyl-protected xylene 36 gave a good yield of
the desired indanones 37 and 38 as a mixture of isomers, which could be separated by
column chromatography. Deprotection of the methyl ether and subsequent
bromination did not result in the desired compounds 19 and 20, instead dibromo
compounds 39 and 40 were obtained by a combination of aromatic- and αbromination. As removal of an α-bromine has been reported as a facile procedure, 33
and because the bromination of 34 and 35 occurred readily, this procedure proved
satisfying to obtain the product indanones. Before coupling to stator parts though, the
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Scheme 9: Two possible pathways to ketones 19 and 20.
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Scheme 10: Synthesis of the rotor part of benzo[1,4]dioxin based molecular double motors.
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choice was made to protect the phenol, to minimise the chances of failure in the
Barton Kellogg coupling. The methoxymethyl (MOM) group was chosen because of
the very mild conditions necessary for its removal (41 and 42, Scheme 10).
6.3.4 Barton-Kellogg coupling
The Barton-Kellogg reaction has proven the only attractive option so far for the
preparation of 2nd generation motors, and therefore is the method of choice for the
Laweson's Reagent
PhMe

Y
Z

S
43: Y = OMOM, Z = Br
44: Y = Br, Z = OMOM
H2 NNH 2, EtOH

Y

Y
Z

Z

O

H 2N N

41: Y = OMOM, Z = Br
42: Y = Br, Z = OMOM

45: Y = OMOM, Z = Br
46: Y = Br, Z = OMOM
TBS-hydrazine,
Sc(OTf) 3

Y

quant.

Z

H

N N
TBS
47: Y = OMOM, Z = Br
48: Y = Br, Z = OMOM

Y
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N N
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Z
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Y

~90%

Z
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1) IPh(CO 2CH3 )2
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S

Z

2)
S

45: Y = OMOM, Z = Br
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S
49: Y = OMOM, Z = Br (57%)
50: Y = Br, Z = OMOM (34%)

Y
Z

1) PPh 3, PhMe, Δ
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S
51: Y = OMOM, Z = Br (86%)
52: Y = Br, Z = OMOM (92%)

Scheme 11: The Barton-Kellogg coupling of 41 and 42 to thioxanthone thioketone 12.
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preparation of 16. However, indanones 41 and 42 could not be converted to their
respective hydrazones or thioketones (Scheme 11). Attempts to obtain pure thioketone
resulted in messy thiol mixtures, rather than thiones 43 or 44. Reaction with
hydrazine hydrate resulted in degradation, and small quantities of isolated material
were debrominated, for which reason this approach was not pursued further. Reaction
with TBS-protected hydrazine as described above however did result in the pure TBSprotected hydrazones 47 and 48. Deprotection using TBS-Cl gave the hydrazones 45
and 46 in approximately 90% yield. These compounds turned out to be unstable and
had to be used in the coupling directly, which explains the degradation products
found by direct reaction with hydrazine hydrate.
Oxidation of 45 or 46 using diacetoxyiodobenzene and subsequent reaction
with 9H-thioxanthene-9-thione 12 in DMF/DCM resulted in episulfides 49 and 50.
Subsequent reaction with triphenyl phosphine resulted in motor compounds 51 and
52, which were isolated after a total of 10 steps in 20% and 6% yield, respectively.
Deprotection of the MOM-group of motor compounds 51 and 52 proved to
be challenging. HCl in DCM resulted in double bond shift of the central double
bond, as indicated by 1H NMR spectroscopy. Variation of the procedure gave
indications that isomerisation was the result of the presence of water and acid or base
during reaction and/or workup. Therefore, the reaction was performed using dry
DCM and TFA under N2, followed by the addition of EtOAc. Rapid addition of H2O
followed by a very small amount of saturated bicarbonate and immediate separation of
the layers provided compound 53 with 95% purity, the other 5% being the isomeric
compound 54 (Scheme 12). Compound 53 can be crystallised from Et2O with ease
from the product mixture, and is stable as a solid or in dry solution.
In contrast, motor compound 52 could be deprotected without observable
isomerisation by the same procedure (Scheme 13). An explanation for this difference
in reactivity can be found in the following mechanism (Scheme 14). With the
hydroxyl group of 53 in conjugation to the double bond, acid and base can form the
isomeric cyclohexadienone 56, which is driven to the isomerised product 54 by the
lower energy of this compound relative to 53 by a formal 1,3-H-shift. Motor 55 does
not have a favourable resonance structure involving the hydroxyl group and the central
double bond, which is why this compound is easier to deprotect (Scheme 14).
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Scheme 13: Deprotection of motor compound 52.
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6.3.5 Dibenzo[1,4]dioxin coupling of molecular motors
In the final step, coupling of two molecules 53 or two molecules 55 was
envisioned. In the case of 53, using a CuBr·SMe2 complex in the presence of CsCO3
and pyridine in refluxing acetonitrile under dry-nitrogen conditions, the coupling
resulted in a mixture of products, from which only a low yield of the coupled product
57 could be identified by mass spectrometry and 1H NMR spectroscopy. Double
bond shift was complete for this compound, as was observed by the appearance of
similar singlets for the single double bond shifted product 54 and the disappearance of
diastereotopic cyclopentylidene ring protons. Apart from that, similar to double bondshifted product 54, the protons of the xanthone stator did not appear in their
characteristic pattern, but instead were reduced to two multiplets, a strong indication
of the presence of a single bond between former stator and rotor.
Deprotection of the other isomer was easier, resulting in 55 as the starting
point for dibenzo[1,4] dioxin coupling. Using the same conditions as described above
resulted in double motor 16 as a mixture of isomers (Scheme 16). The presence of
these compounds was verified by 1H NMR and mass spectroscopy; important
arguments for identification are the cyclopentylidene ring protons and associated the
methyl doublet, as well as the strong difference in shift between the aromatic methyl
peaks. Moreover, the stator aromatic protons display the same 6-fold pattern as
observed for 52. However, apart from the anticipated RR/SS and RS isomers, the
number of signals indicated the presence of more isomers. Therefore it is assumed that
steric factors do not direct the reaction to the desired product 16 exclusively, but
instead regioisomers are obtained. As the central scaffold is not stable on common
column chromatography supports, purification of these materials is tedious, and was
not successful.
An explanation for the results on the coupling reactions can be sought in the
Smiles rearrangement (Scheme 7), in combination with the envisioned mechanism for
double bond shift (Scheme 14). In case of compound 53, it is found that even in dry
S
OH
Br

S
53

CuBr-SMe 2

O

Pyr, CsCO 3
MeCN

O

S

57

Scheme 15: Final coupling of 53, resulting in the double bond-shifted dibenzo[1,4]dioxin 57.
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Scheme 16: Final coupling of 55, resulting in the double motor functionalised
dibenzo[1,4]dioxin 16 as a mixture of regioisomers.
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conditions, a 1,3-hydrogen shift can occur; working under anhydrous conditions does
not suppress it, as was the case in the synthesis of 53. The presence of base alone is
sufficient for a fast 1,3-hydrogen shift to occur. The coupling reaction seems to occur
however, albeit slower than the double bond shift (Scheme 17). In case of 55, the lack
of conjugation suppresses the double bond shift, and in this case 16 is obtained, as a
mixture of regioisomers due to Smiles rearrangement. It is found that steric repulsion
of stator moieties does not drive the reaction exclusively to the less hindered product,
as was initially hoped for.
6.3.6 Dibenzo[1,4]dioxin photochemistry
With the publication of the mechanism of photodegradation of
dibenzo[1,4]dioxins this project required a revision. 34 Upon irradiation with 300 nm
light, in a variety of organic and aqueous solutions, dibenzo[1,4]dioxin and a variety
of 2,3,6,7-tetrasubstituted analogues resulted in the corresponding dihydroxybiphenyl
as the major photoproduct, and varying amounts of hydroxydibenzofuran and 2phenoxyphenol as minor products. Some polymeric material remained
uncharacterised. Polar protic solvents are found to be markedly more efficient in this
reaction, whereas in apolar aprotic solvents such as toluene or hexane conversion to
the dihydroxybiphenyl is much lower. Triplet quenching studies show that the
photodegradation process goes via the singlet state for both conversions. The
mechanism of formation was reported to proceed via transient 2,2'-biphenylquinones,
which form dihydroxybiphenyls photochemically. In the absence of steady-state
irradiation and the in the presence of electron donating groups, a thermal pathway to
the oxepino[2,3-b]benzofuran is accessible, whereas the presence of electron
withdrawing groups results thermally in hydroxybenzofurans (Scheme 18). A pH
effect was not observed, and the main factor for determining the photoproduct was
found to be solvent polarity.
With the pathway of photochemical degradation of the scaffold known, little
hope exists that dibenzo[1,4]dioxin-based molecular double motor 16 will display
sufficient photochemistry for repetitive photochemical – thermal cycles as required for
prolonged motor-like functioning. Continuous irradiation would presumably result in
the oxepino[2,3-b]benzofuran 61, as kinetic isotope effects for proton transfer from
solvent to the excited bisquinone 59 indicate that this process is not possible in
common organic solvents such as benzene or toluene.34 The presence of small amounts
of water or other proton sources during irradiation would, however, result in different
isomers of the dihydroxybiphenyls 60. For this reason, attempts to vary / optimise the
preparative procedure were not undertaken, and photochemical experiments were not
performed.
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Scheme 18: Mechanism for photodegradation of dibenzo[1,4]dioxin 56 (Reproduced from ref
34).

6.4 6H-benzo[c]chromene-based molecular walkers
A viable synthetic approach toward a rigid scaffold functionalised with
molecular motors can be represented by the terphenyl structure given in Figure 5.
Despite its apparent complexity, this structure is relatively straightforward to prepare.
Various approaches for obtaining a molecular double motor according to Figure 2 can
be considered, and as possible photochemical activity of the scaffold is not expected to
result in degradation or isomerisation, this structure is perceived as a viable basis for a
functioning molecular double motor.
O

O

Figure 5: Bis(benzo[c]chromene) scaffold for preparation of a molecular double motor.
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Data on the photochemical stability of this scaffold can be obtained by careful
study of the mechanism of two photochemical reactions. Photochemical studies on
xanthene 63 indicate that the final product from irradiation is 6H-benzo[c]chromene
68 (Scheme 19). 35 Although experiments in highly polar solvents, such as H2OMeCN or MeOH, indicate that photochemical interconversion as depicted in Scheme
19 as 66 – 69 interconversion is possible, photolysis of chromene 68 resulted in only a
very small conversion to the (hydroxyphenyl)benzyl alcohol 69. The mechanism for
this reaction is known, and involves a similar quinone intermediate, 66, as observed
for dibenzo[1,4]dioxin photodegradation. However, these studies have only been
performed in the highly polar media H2O-MeCN and MeOH, as addition of water is
required for conversion to the (hydroxyphenyl)benzyl alcohol 69. Other nucleophiles
than water allow for different pathways, as exemplified by the conversion to 67 in the
presence of MeOH. It is assumed that in case the quinone 66 results from irradiation
of chromene 68, it has no other option but to revert to the original structure as long as
water is absent. When some water is present, 69 might result, but this is converted
photochemically to 66, which reverts thermally to 68. Based on the concerted nature
of formation of the chromene 68 it is likely that biphenyl isomerisation does not take
OCH 3
HO
HO
67

64

hν MeOH

[H]

Δ
O

O

hν

O
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O
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O
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Scheme 19: Photochemical pathway from xanthene 63 to chromene 68, and possible
photochemical conversions of chromene 68 (adapted from ref 36).
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place during this process. Racemisation of the terphenyl substructure does not affect
the expected functioning of a molecular double motor constructed on this scaffold,
especially as it is likely that racemisation by restricted rotation around the biphenyl
bond in chromene 68 is possible thermally at room temperature. Therefore, if apart
from photochemical cis - trans isomerisation a second photochemical reaction pathway
via quinone 66 were possible for a double motor based on this scaffold, it is expected
that this extra photochemical equilibrium does not result in abundant degradation or
isomerisation of the double motor. Only temporal deactivation might occur, restoring
the original molecular walker scaffold 68 either photochemically (69 → 66) or
thermally (66 → 68). Aromatic methyl substitution in 70 and 71 will prevent
formation of the isomeric form 69, minimising photochemical side reactions.
6.4.1 Retrosynthesis
The retrosynthesis for molecular double motors based on a bis(6Hbenzo[c]chromene) scaffold can be seen in Scheme 20. Although all steps look feasible
on paper, a drawback of this approach is the linearity, and the associated double-sided
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Scheme 20: Retrosynthesis of a molecular double motor based on a bis(benzo[c]chromene)
scaffold.
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reactivity in much of the steps, which will decrease yields. Especially double formation
of the indanone 72, and the double Barton-Kellogg reaction are expected to be
challenging to perform with sufficient yield.
6.4.2 Synthesis
Compound 76 was prepared following a literature procedure. 36 Reaction of
21 with 76 in the presence of K2CO3 in acetone afforded the highly insoluble
compounds 74 and 75. The reaction of 28 was much slower under the same reaction
conditions as used for reaction of 21, even when heating the reaction mixture.
Purification of 74 and 75 from mono-coupled product and starting material was
straightforward due to the low solubility.
Compound 74 could be cyclised using a literature procedure for biphenyl
formation 37 in quantitative yield. The same reaction with compound 75 resulted in
varying quantities of di-cyclised product, the remainder being monocyclised and
debrominated side products (Scheme 21).
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O
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The next step is the preparation of the indanone from 73. Reaction of
methacrylic acid in PPA did not proceed and only starting material was recovered, but
reaction of methacrylic acid chloride under Friedel-Crafts conditions resulted in a
36% yield of diketone 72, along with several side-products. Although 72 could be
isolated, attempts to optimise this reaction did not result in less complex product
mixtures (Scheme 22). Therefore, 73 was reacted with β-chloro-α-methyl propionic
acid chloride 38 under Friedel-Crafts conditions to result in 80 as a single regioisomer,
in which two diastereomers (RR/SS and RS) could be observed. 39 Direct cyclisation of
80 to 72 with strong acid (H2SO4) proceeds in low yield, but elimination to the α,βunsaturated ketone 81 is preferable. In that case, cyclisation using H2SO4 gives the
double cyclised product indanone 72 in quantitative yield (Scheme 23).
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Using 72 as starting material, the thioketone 82 prove straightforward to
prepare using Laweson's reagent (Scheme 24). Subsequent coupling with diazofunctionalised stator 83 resulted in an episulfide / alkene mixture that was not
separated, but directly converted into the diastereomeric mixture 70. Separation of the
diastereomers could be performed using column chromatography to give two
compounds, pure racemic (R,R)- and (S,S)-70 and the desired compound (R,S)-70.
Preparation of 71 was more challenging. Reaction of thioketone 82 with diazofunctionalised stator 84 resulted in a product mixture, in which both product
episulfides were present, as well as substantial quantities of other material. In one
instance, filtration, column chromatography and precipitation resulted in a small
quantity of pure episulfide, which could be converted to a single diastereomer of
molecular double motor 71. In another instance, filtration of the cooled reaction
mixture provided another diastereomer of the intermediate episulfide. Both
compounds degrade quickly on silica gel, aluminium oxide and during aqueous
workup. However, refluxing these insoluble materials in the presence of excess PPh3
results in single diasteromers of the product molecular double motors 71, without
degradation under the reaction conditions. Remaining PPh3 was removed by a
published procedure using a Merrifield Resin. 40 Aqueous workup and column
chromatography result in degradation of both compounds. However, the poor
solubility of the compounds could be used in repetitive precipitation procedures to
provide small quantities of the pure alkenes 71.

208

Design, synthesis and characterisation of a molecular walker system
O
O

O
S

LR

O

S

PhMe, Δ
O

O

88%
72

1) PhMe, Δ
2) PPh3, Δ
3) MeI, DCM

82
N2

N2

83

S
84

41%

O

O

1) PhMe, Δ
2) PPh3, Δ
3) MeI, DCM
O

S

S

O
70

71

Scheme 24: Double Barton-Kellogg coupling for target structures 71 and 72.

6.4.3 Identification of diasteromers
The isolated diasteromers of 70 displayed similar 1H NMR-spectra, the major
difference being the shift of the central benzo[c]chromene CH2 (see experimental
section). As only one of the two diasteromers can possibly display linear translational
motion, correct assignment of the diastereomers is of utmost importance. The point
symmetry of both the diastereomers of 70 precluded the use of 1H-COSY and
NOESY-spectroscopy to provide evidence as to which one was which. Attempts in this
direction did result in well-resolved spectra, but despite the visibility of several NOE
interactions, no information on the diastereomeric identity could be retrieved. This is
due to the fact that for the RS-diastereomer, NOE's are present for the stator aromatic
protons with both equatorial CH2-protons, and this is equally true for the case of the
RR/SS-enantiomeric mixture (Figure 6). In both cases, a distinction between the
protons cannot be made because they display equal shielding. Calculation of NMRspectra of both diastereomers using the programme package Gaussian 41 on optimised
structures using a variety of basis sets did not result in clear correspondence with the
experimental spectra. Using chiral HPLC however, (AD column, n-heptane : IPA = 98
: 2), one of the diastereomers could be resolved into enantiomers (rF = 7.1 min and
14.8 min), with a small impurity at rF = 9.8 min (3 %). The other diasteromer gave
only one peak at rF = 9.8 min under the same conditions, with the same UV/Visspectrum as observed for the impurity of the other batch. Both UV/Vis-spectra were
identical to the ones observed in the photochemical experiments. Using this approach,
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Figure 6: Optimised structures (DFT, B3LYP 6-31G(d,p)) and atomic assignments of (RS)-70
and (RR/SS)-70. Stereochemical structural formulas can be found in Figure 7.

the diastereomers of 70 were assigned by a combination of 1H NMR- and UV/Vis
spectroscopy, in combination with chiral HPLC.
A similar approach was taken for assignment of the diastereomers of 71.
Apparently, degradation in HPLC is slower than on silica gel, and similar to
compound 70 one of the diasteromers could be resolved into two enantiomers (ADcolumn, n-heptane : IPA = 98 : 2, rF = 4.7 and 5.4 min.). The other diastereomer was
obtained as a single peak with rF = 4.3 min. In both cases, the UV/Vis spectra
displayed properties similar to those observed in the photochemical experiments.
From the above, it has been made apparent that both 70 and 71 can be
obtained as single diastereomers. The (RR/SS) enantiomeric mixture generally is more
soluble, though in the case of 70, both compounds can be characterised using
standard methods. In the case of (RS)-71, the poor solubility precludes high enough
concentration for 13C and/or APT determination; 1H NMR spectroscopy is possible
only using extended pulse sequences.

210

Design, synthesis and characterisation of a molecular walker system

6.4.4 Photochemical experiments on molecular walkers in solution
The photochemical properties of double motors are somewhat more
challenging to study than the properties of single motors. With two axle double bonds
present, there exist three possible photochemical outcomes: two-sided double bond
isomerisation to result in double-unstable U2, singular double-bond isomerisation to
result in a double motor structure one side of which is in the unstable twisted form
(US) and finally a compound which is not changed upon irradiation and is the
starting compound, S2. Assuming uncorrelated photochemistry, the distribution of
the three compounds U2, US and S2 is a function of the theoretical photoequilibrium
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Figure 7: Theoretical molar distribution of the three possible outcomes of the photochemistry
of a double motor as a function of the singular double bond photo equilibrium position.
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position of a single double bond. For this case, the resulting compound distribution
can be calculated (Figure 7). However, the above picture only applies in the case of
uncorrelated photochemistry. This condition holds if isomerisation of one of the
double bonds has no influence on the rate of the forward and/or reverse
photochemical reactions of the other double bond. Because of electronic and the steric
factors, as well as change in absorption characteristics of the molecule after the first
photochemical reaction, this is hard to imagine. It is more likely to assume some form
of correlation between both halves, resulting in a preference for one of the three
isomers U2, US or S2.
UV/Vis spectroscopy of 70
UV/Vis experiments on the single diasteromer (RS)-70 indicated a clean
process with well-defined isosbestic points (Figure 8). Upon irradiation in toluene at
-18 ºC using 365 nm light, an extra band appeared at λ > 450 nm. The
photostationary state was reached in approximately 11 min. Heating of the solution
and subsequent cooling resulted in a quantitative return to the original spectrum,
indicative of clean photochemistry. Following the thermal process in the temperature
range of 10 – 30 ºC resulted in the activation parameters according to the approach
described in chapter 2: Δ‡Gº1 = 89.1 kJ mol-1, Δ‡Hº1 = 83.2 kJ mol-1, Δ‡Sº1 = -20 J
mol-1 K-1, kΔº = 8.0×10-4 s-1, Figure 8). The half-life time associated with the process of
thermal helix inversion was found to be 14.5 min.
From these experiments several conclusions can be drawn: first of all, there
exists strong indication that no significant photodegradation occurs under these
conditions, as the restoration of the original UV/Vis-spectrum is complete. It should
be added that these experiments could be performed repeatedly using the same sample,
strengthening that conclusion. Secondly, the isosbestic point provides indication that
if some double unstable form U2 is formed, this is probably not present in significant
amounts. This is apparent from the small chance that the US and the U2 form of
(RS)-70 have the same absorption characteristics. Previous experiments with similar
molecular motors indicate that the extra band that results at > 450 nm upon
irradiation is due to the twisted orientation of the stator relative to the rotor (or in this
case, the scaffold). As the double unstable form U2 would give rise to a stronger
UV/Vis-absorption in this range, it is expected that the absence of a strong band, in
combination with the appearance of a clear isosbestic point, is indicative of little
conversion, if at all, to the U2 form of (RS)-70. Finally, it becomes apparent that in
comparison to the single motor (refer to chapter 1),6 a distinct retardation of the
process of thermal helix inversion is observed. The Δ‡Gº1 of 89.1 kJ mol-1 is 10 kJ mol1
higher than that reported for the single motor (79.1 kJ/ mol-1). The half-life time for
the process rises accordingly, from 15 s to 14.5 min. The regiochemistry of (RS)-70 is
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probably the cause of this retardation: with this pattern of substitution, the steric
crowding increases dramatically relative to the single motor (refer to Figure 6).
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Figure 8: Irradiation and thermal conversion of (RS)-70 in toluene at -18 ºC, and Arrhenius
plot for the process.

UV/Vis experiments on (RR/SS)-70 indicated a similar process with welldefined isosbestic points (Figure 9). Irradiation of (RR/SS)-70 at -18 ºC in toluene
resulted in a photostationary state in approximately 25 min. Heating of the solution
and subsequent cooling resulted in restoration of the original spectrum, indicative of
clean photochemistry. The decay process was followed in time at temperatures
between 10 and 30 ºC to result in rate constants for the process of thermal helix
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Figure 9: Irradiation and thermal conversion of (RR/SS)-70 in toluene at -18 ºC, and
Arrhenius plot for the process.
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inversion. Standard Eyring and Arrhenius resulted in activation parameters: Δ‡Gº1 =
87.3 kJ mol-1, Δ‡Hº1 = 94.6 kJ mol-1, Δ‡Sº1 = 25 J mol-1 K-1, kΔº = 1.7×10-3 s-1. The
half-life time for the thermal helix inversion process is calculated from the rate
constant to be 6.9 min at room temperature.
The strong similarities between the two diastereomers (RR/SS)-70 and (RS)70 become apparent from these experiments. UV/Vis spectra of the stable
conformations, as well as the change in UV/Vis spectrum upon irradiation follow
similar patterns, although the absolute absorption of (RR/SS)-70 is markedly higher.
Furthermore, it appears that the thermal process is nearly two times slower for the
highly symmetric (RS)-70 in comparison to (RR/SS)-70. Both compounds display
markedly higher barriers for thermal helix inversion than the parent motor, due to the
large increase in steric hindrance. Despite the lower absorption at the same
wavelength, (RS)-70 appears to display more efficient photochemistry, because the
photostationary state is reached in half the time required for (RR/SS)-70 under similar
irradiation conditions.
1

H NMR-spectroscopy of 70

Using 1H NMR spectroscopy, both (RS)-70 and (RR/SS)-70 were subjected to
irradiation in toluene–d8 to verify whether a thermally unstable form could be
generated photochemically. For (RS)-70, irradiation at -20 ºC for three hours resulted
in a different isomer with cyclopentylidene methyl peaks shifted downfield relative to
the starting isomer, and the signals for the aromatic methyl groups split to different
chemical shifts (Figure 10). Heating of the sample solution to 45 ºC and subsequent
cooling restores the original spectrum without observable photodegradation. The
presence of a small impurity at 1.3 ppm precludes accurate determination of the
integrals, however it is clear that the presence of a significant amount of double
unstable form U2 is not likely. This can be seen from the number of aromatic methyl
signals between 2.2 and 2.7 ppm, and more clearly by the central CH2 signals between
4.5 and 5.0 ppm. These display 4 signals for four protons, and other signals are not
observed. The ration between S2 and US is estimated to be around 50 : 50.
A similar impurity as observed in (RS)-70 was present in the enantiomeric
mixture (RR/SS)-70. For this diastereomer, irradiation resulted in a photo-equilibrium
that was shifted further to the side of the unstable form US, and although peaks
representing U2 can not be unequivocally assigned, indication of the presence of U2 is
given by the relative ratio of the methyl doublets around 1.4 and 1.25 ppm. Four
signals are observed for the aromatic methyl peaks. Heating of the sample and
subsequent cooling results in a full restoration of the original spectrum, with no
observable photodegradation.

214

Design, synthesis and characterisation of a molecular walker system

Figure 10: Irradiation and thermal conversion of (RS)-70.
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Figure 11: Irradiation and thermal conversion of (RR/SS)-70.
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Fluorescence spectroscopy of 71
At room temperature, CH2Cl2-solutions of (RR/SS)-71 and (RS)-71 were
prepared (6.32×10-6 and 5.48×10-6 M, respectively). The UV/Vis absorption and
excitation spectra displayed similar absorption maxima. The emission spectrum
displayed maxima of 498 and 508 nm, respectively. Surprisingly, excitation using 488
nm resulted in a similar emission spectrum (λmax = 514 nm), indicative of low
absorption at this wavelength. Quantum yields of fluorescence were determined using
a protocol from Jorin-Yvon Horiba using perylene and diphenylanthracene standards
at 376 nm excitation: (RR/SS)-71: ϕF = 0.14 %, (RS)-71: ϕF = 0.26 %. 42
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Figure 12: Absorption spectrum and normalised excitation and emission spectra of (RR/SS)-71
(left) and (RS)-71 (right) in DCM.

UV/Vis spectroscopy of 71
Using cryogenic techniques similar to those described in chapters 2 and 5,
molecular double motor (RR/SS)-71 was subjected to photochemical experiments.
Upon irradiation with 365 nm light at 115 K in isopentane solution (1.85×10-5 M), a
small conversion to a thermally unstable form was observed. Following the kinetics at
the same temperature resulted in a half-life time of the thermal process of 2.1(1)×102
s1 (k = 3.3(2)×10-3 s-1). At higher temperatures (i.e. 120 K) conversion was not high
enough to result in meaningful data on the rate of thermal helix inversion (Figure 13)
of this structure.
Using propane as a solvent for (RR/SS)-71, irradiation at 115, 110 or 100 K
did not result in observable photoconversion. However, at 85 K irradiation resulted in
a change of the UV/Vis spectrum, that reverted to the original signal upon heating
and cooling to the same temperature. The observation that photochemical conversion
at photoequilibrium is higher at temperatures close to the melting point of the solvent

217

Chapter 6

can be explained by the observations made in chapter 5 regarding the effect of
viscosity on the photochemistry of molecular motors. It seems that for molecular
double motors, the photochemical equilibrium lies quantitatively to the side of the
stable isomer at these temperatures, and that the influence of a viscous medium
induces increased conversion to the thermally unstable form at photoequilibrium.
With this assumption, experiments in the organic-glass forming medium
methylcyclohexane – methylcyclopentane were performed at 100 K (3.1×105 cP), and
indeed considerable photoconversion was observed. An isosbestic point could not be
observed. Instead, the shift of the crossing point of the initial spectrum with the
spectra resulting from irradiation is indicative of conversion to both the US and U2
forms of (RR/SS)-71 (inset Fig 14). However, in solution with normal viscosity, the
small change in the UV/Vis absorption prohibited kinetic experiments over a wider
temperature range because of the large baseline shifts associated with temperature
change, so that no barrier to thermal helix inversion could be determined.
The low solubility of (RS)-71 prevented a similar experimental course. As at
room temperature only fractions of the material necessary to reach 10-5 M solutions
would dissolve in apolar media, high photoconversions are required. For this reason,
the same medium as used for (RR/SS)-71 was used in the photochemical experiments
on (RS)-71. Although the concentration is unknown under these circumstances,
photochemical conversion is observed upon irradiation with 365 nm light in a
methylcyclohexane : methylcyclopentane = 1:1 (V/V) organic glass. Heating the
solution and subsequent cooling restored the original spectrum. Kinetics experiments
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Figure 13: UV/Vis spectrum at room temperature and change in UV/Vis spectrum upon
irradiation of (RR/SS)-71 with 365 nm light in isopentane solution at 115 K (left), and kinetics
of thermal helix inversion (right). Inset: UV/Vis absorbance relative to the full spectrum. The
difference spectrum is plotted in the baseline of the UV/Vis spectrum to give an impression of
the absolute change in the UV/Vis absorption upon irradiation.
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using low-viscosity media were not attempted for this compound because the expected
low photoconversion in combination with the solubility in appropriate apolar media
does not allow for accurate determination of rate constants.
From these photochemical experiments, we can conclude that both 70 and 71
display a functioning photochemical – thermal cycle. In case of 70, this cycle has been
characterised in terms of photochemical conversion and thermal helix inversion
reaction rates. In case of 71, the low conversion at photoequilibrium associated with
sulphur stators on cyclopentylidene rotors at regular solution viscosity at cryogenic
temperatures (chapters 2 and 5) decreases even further, so that it becomes hard to
gather data on the unstable form(s). Experiments in organic glasses are indicative of
considerable conversion, and in case of (RR/SS)-71 the absence of an isosbestic point
upon irradiation suggests conversion to both the US and U2 forms of 71 in such
media. At regular solution viscosity at temperatures around 100 K, conversion is still
present, albeit low.
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Figure 15: Irradiation of (RS)-71 in an organic glass consisting of methylcyclohexane :
methylcyclopentane = 1:1 (V/V) at 100 K (3.1×105 cP). The full spectrum was recorded at RT
in the same medium.

As quantum yields for cis – trans isomerisation generally decrease with
decreasing temperature, we can assume that at room temperature, there is
photochemical cis – trans isomerisation upon irradiation. This is exemplified by
compound 5 from chapter 2 (compound 1 in chapter 5). This compound displays low
conversion in normal solution at low temperature (isopentane), but quantitative
conversion when applying increased viscosity (chapter 2, figure 19). The PSS for this
compound under cryogenic conditions amounts to approximately 30 % unstable at
low viscosity, and is nearly quantitative at high viscosity (chapter 5, tables 1 and 2).
On the other hand, TA experiments at ambient temperature on the same compound
display much higher conversion (chapter 2, figure 21). This indicates that despite low
conversion at regular solution viscosity at cryogenic temperatures, conversion at
ambient temperature is much higher. Extending this reasoning to compounds 71, the
low conversion to the unstable form(s) observed in cryogenic solution are expected to
be much higher in ambient solution. Therefore, as long as the system is kept
photochemically rate-limited (see chapter 4), we can assume that unidirectional
rotation occurs at a sufficient rate. Data on the position of the equilibrium at room
temperature are required to be able to draw conclusions on the rotation behaviour
under thermal rate limiting conditions. Unfortunately, obtaining quantitative data is
challenging, and as a result data for room temperature behaviour are lacking.
Transient absorption (TA) spectroscopy on a μs timescale would provide clear
improvement in the experimental setups for the characterisation of the behaviour of
these compounds.
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For 70, rates of helix inversion in combination with the photochemical
behaviour would allow for translational motion in the order of nm min-1. Such rates
are expected to be visible on the timescale of STM experiments. On the other hand,
for 71 no data on the thermal behaviour are available. An estimation is possible
however by comparison of several related motor structures, which indicates that at
room temperature, a rate of thermal helix inversion in the order of a few 100 ns can be
expected (Figure 16).

12 fold
acceleration
Decrease
naphthalene size

O
50 fold
deceleration
increase bulk

O
RS-70
S
O

4 fold
deceleration?

O

S
S
t 1/2 (RT) = 100 ns

RS-71
t1/2 (RT) ~ 50 - 500 ns

Figure 16: Estimation of the rate of thermal helix inversion of molecular double motor 71.

Half-life times for thermal helix inversion in this order of magnitude allow for
translational motion at considerable pace when the light intensity is high enough. In a
system that is close to thermal rate limitation, translational motion in the order of
mm/s can be expected if the step size is estimated around 2 nm (2 nm in 400 ns equals
5 mm s-1). However, such rates should be considered the maximum possible rate for
translational motion; the actual rate is expected to be lower. Single molecule
fluorescence techniques might be able to track motion for these molecules.
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6.5 Single molecule spectroscopy on molecular walkers
In collaboration with Johan Visser from our group, STM experiments were
performed on compound RS-70. Using pentacontane on highly oriented graphite
(HOPG), single molecules could be detected (Figure 17). 43 The dimensions of the
molecule correspond with the dimensions of a single molecule, by comparison with
the dimensions of the pentacontane layer. A clear preference for orientation inside the
clefts between the pentacontane areas is observed. Dislocation of the molecules was
observed both using irradiation and in dark conditions, and as a result no conclusions
can be drawn about translational motion induced by rotation of the stators. Further
experiments are required to assert conclusions on this matter.

Figure 17: STM-images of RS-70 (courtesy Johan Visser). The bright spot in the middle of the
lower left frame was observed to move away for reasons as yet unidentified.
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In collaboration with Filippo Lusitani from the Ultrafast Laser and
Spectroscopy Laboratory of the University of Groningen widefield single molecule
fluorescence spectroscopy experiments were set up to evaluate the possibility of
translational motion for RS-71. A divergent laser beam is used to irradiate an area of
micrometer dimensions, and a camera records pictures with adjustable delay times. As
a result, one frame is an average over several milliseconds, in which time both multiple
cis-trans isomerisations and thermal helix inversions can occur (one photochemical –
thermal cycle amounts to approximately 400 ns), as well as multiple fluorescence
events. When the ratio between these two processes is balanced correctly, translational
motion should be visible by recording the fluorescence and evaluating the position of
the molecule. In these experiments, the accuracy for the position of the molecule is
around 40 nm, but as we are interested in displacements rather than absolute
positions, these can be determined with higher accuracy.
Using a spincoating technique (3000 rpm, 180 s) with a 5×10-9 M toluene
solution of the isomers of 71 on standard glass microscope plates or fresh mica
surfaces, single molecules could be observed in real time with widefield fluorescence
spectroscopy using 488 nm excitation. (camera frame times 200, 100 and 50 ms,
observed area 20×20 μm). In case of (RR/SS)-71, no motion was observed, as
anticipated. In contrast, (RS)-71 displayed clearly moving fluorescent dots that
represent single molecules (Figure 18). Statistical analysis reveals that motion is not
Brownian. However, using shutters a dark experiment could be performed, in which
motion could also be observed, which contradicts with the motion being light-driven.
Currently, statistical analyses on the direction of motion, the speed of motion and on
the dependence of the speed of motion on the irradiation intensity are in progress, as
is further identification of the identity of the molecules observed.
Most molecules remain stationary, while only a few display motion. This
could be explained by a second photochemical pathway as exemplified in Scheme 19.
However, samples do not change their behaviour over time, which is indicative of the
thermal reformation of (RS)-71 from this secondary pathway.
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Figure 18: Full-size image of a glass plate spincoated with (RS)-71 (top), and areas of glass
plates where moving dots are observed (bottom). Frames are taken at 100 ms delay, 1 pixel
equals 40×40 nm).
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6.6

Conclusion

Three approaches toward molecular double motors that should be capable of
displaying directed linear motion in two dimensions have been explored. Approaches
based on a standard naphthalene scaffold failed due to solubility problems, whereas an
approach featuring a dibenzo[1,4]dioxin scaffold failed due to potential photochemical
degradation. Synthesis of this compound proved possible, however, by the
development of a new approach for bisbenzo[1,4]dioxin formation. Despite the
relatively low conversion in this reaction, coupling of electron-rich o-halophenols is
possible using a copper bromide dimethyl sulphide complex. However, even strong
steric directive factors cannot prevent Smiles rearrangement, resulting in complex
product mixtures.
Molecular double motors configured on a bisbenzo[c]chromene scaffold can
be prepared more efficiently, despite the challenges associated with purification in the
last steps. It has been shown that such molecular double motors retain the necessary
photochemical – thermal cycle, although at low temperature in standard solution, the
photoequilibrium lies so far to the side of the stable isomer that observing conversion
becomes challenging. However, at ambient temperatures higher conversion is
anticipated. Using STM-techniques, single molecules of (RS)-70 were observed, but
rotation-induced motion could not be made apparent. Using widefield fluorescence
microscopy with spincoated (RS)-71 on glass- or mica plates, however, motion of
fluorescent dots representing single molecules was observed. This could not be
repeated with samples of (RR/SS)-71 under the same conditions.

6.7 Experimental section
1
9,9'-(2,7-Dimethyl-1,2,6,7-tetrahydrodicyclopenta[a,f]naphthalene-3,8-diylidene)bis(9Hthioxanthene)
2 3,8-Di(9H-fluoren-9-ylidene)-2,7-dimethyl-1,2,3,6,7,8-hexahydrodicyclopenta[a,f]naphthalene
Bisketone 3 was inserted in a small and dry round-bottomed flask under a nitrogen
atmosphere. TBS-hydrazine (3 equivalents) and 5% Sc(OTf)3 were added, and the mixture was
heated to 100ºC for 3 h. Excess TBS-hydrazine was removed by heating to 60 ºC under high
vacuum, the resulting oil was quickly examined by 1H NMR to evaluate completion of the
reaction, and then dissolved in dry DMF in a dry Schlenk vessel under a nitrogen atmosphere
at -50ºC. [Bis(trifluoroacetoxy)iodo]benzene (2 eq.) was added, immediately followed by 9Hthioxanthene-9-thione or a solution of freshly prepared highly unstable 9H-fluorene-9-thione 44
was added (2 eq). The solution was allowed to reach room temperature overnight, resulting in
solids appearing in the mixture. These were filtered, and characterised by NMR as being the
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impure episulfide in case of reaction with 9H-fluorene-9-thione, or a mixture of episulfides and
alkenes in the case of 9H-thioxanthene-9-thione. Subsequent reaction with PPh3 in DCM
resulted in an insoluble solid which is most likely 1 but could not be characterised, or a small
amount of highly insoluble 2 as indicated by low resolution mass spectroscopy and 1H NMR. 45
2 1H NMR (400 MHz, CDCl3): δ 7.73 (d, J = 7.3 Hz), 7.51 (m), 7.23 (m), 6.98 (m), 6.83 (d,
J = 8.4 Hz), 6.68 (d, J = 8.1 Hz), 6.54 (m), 4.25 (m), 3.45 (dd, J = 15.5, 5.5 Hz), 2.44 (d, J =
15.4 Hz), 0.78 ppm (d, J = 6.6 Hz). MS (EI, %): m/z = 624 (100), 235 (61), 197 (33).
3 2,7-Dimethyl-1,2,6,7-tetrahydrodicyclopenta[a,f]naphthalene-3,8-dione8
In a dry nitrogen atmosphere 0.2 g sodium (8.7 mmol) was dissolved in abs EtOH (75 ml)
while cooling on an ice bath. 1.85 ml diethylmethylmalonate (10 mmol) in 50 ml EtOH was
added and the mixture was stirred for 30 min. From a dripping funnel 0.1 equivalent of 2,6dibromonaphthalene (0.96 mmol) was added as an EtOH solution, after which the solution
was refluxed for 4 h. The resulting mixture was cooled to room temperature and volatiles
removed by rotary evaporation. The resulting slurry was poured into water and extracted with
dichloromethane, washed with brine, dried over MgSO4 and the solvent evaporated. To this
mixture there was added an aqueous 5 M NaOH solution, which was refluxed for 8 h. After
cooling the resulting water solution was washed with Et2O, and H2SO4 was added carefully as a
10 M (aq) solution. When foaming had subsided the mixture was refluxed for 5 h, cooled to
room temperature and extracted with Et2O. Washing with water and brine, drying over
MgSO4 and evaporation afforded an oily compound, which by NMR was proven to be
reasonably pure 8 (153 mg). This was added to a round bottomed flask containing 70 ml PPA
at 120ºC and mechanically stirred for 4 h. The resulting mixture was cooled to 70ºC and
poured onto ice, stirred overnight and extracted with EtOAc. Washing with H2O and brine,
drying over MgSO4 and evaporation of the solvent afforded the crude product, which was
purified with column chromatography using pentane/EtOAc 8/1 over silicagel to give the pure
product as a mixture of RR/SS and RS diastereomers (40 mg) in 22% yield from the dibromide
(35 % from the diacid). 1H NMR (400 MHz, CDCl3) δ 9.30 (d, J = 8.4 Hz, 2H), 7.61 (d, J =
8.4 Hz, 2H), 3.46 (dd, J = 17.6, 7.7 Hz, 2H), 2.79 (m, 4H), 1.35 ppm (2*d, 6H). 13C NMR
(400 MHz, CDCl3): δ 210.2 (CO), 156.1 (C), 130.9 (CH), 129.9 (C), 128.8 (C), 126.7
(CH), 42.3 (CH), 35.1 (C), 16.5 ppm (CH3). MS (EI, %): 264 (100), 249 (91), 221 (13), 165
(13). HRMS calcd for C18H16O2: 264.1150, found: 264.1153.
5 2,6-Dimethylnaphthalene7
A 3-necked round-bottom flask equiped with reflux condensor and dripping funnel under a
dry nitrogen atmosphere was charged with 2.5 g (103 mmol) activated magnesium turnings in
75 ml dry Et2O. 1.2 eq. of α-chloro-p-xylene (123 mmol, 16.3 ml) dissolved in 50 ml Et2O
was added via the dripping funnel, followed by 20 min of refluxing to prepare the Grignard
reagent. Acetylacetaldehyde dimethyl acetal (17.3 g in 30 ml Et2O) was added slowly, after
which the solution was brought to reflux for 30 min. The resulting solution was poured into a
saturated NH4Cl (aq) solution, and the crude product obtained by extraction with Et2O and
evaporation of the solvent. While cooling on ice, a mixture of H2SO4 and H3PO4 (125 ml, 3/2
V/V) was added to the resulting black mass under stirring. After 15 min, the cooling bath was
removed and the mixture was heated to 65ºC for 15 min. The dark coloured mixture was
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cooled to room temperature and diluted in water, and then neutralised using aqueous NaOH
until pH = 6. Extraction with pentane and subsequent washing, drying and removal of the
solvent resulted in the crude product, which was purified by crystallisation from EtOH to yield
highly pure 2,6-dimethylnaphthalene (16%). Alternatively, the product can be columned over
silicagel using pentane, which results in a higher yield of purified product (6.0 g, 37%).
Spectroscopic data were in accordance with those reported.7
6 2,6-Bis(bromomethyl)naphthalene 46
To a 0.05 M solution of 2,6-dimethylnaphtalene 5 in benzene there was added 2.1 eq Nbromosuccinimide. The mixture was irradiated with a Mercury arc lamp for 2 h at ambient
temperature, after which the resulting slurry was filtered and solvents removed from the clear
solution by rotary evaporation. The pure product was obtained by recrystallisation from
chloroform in multiple batches to yield 2,6-di(bromomethyl)naphthalene in 70% yield.
Spectroscopic data were in accordance with those reported.46
19 6-Bromo-5-hydroxy-2,4,7-trimethylindan-1-one33
A quantity of 2.00 g of 39 (5.8 mmol) was dissolved in MeCN (15 ml). Next 3 eq NaI (2.6 g)
were added as a MeCN solution, and extra MeCN was added until a clear solution remained.
Subsequently 1.5 eq (0.94 g) of TMS-Cl in 8 ml MeCN was added by syringe, and the
solution was stirred at room temperature overnight. To the mixture NaSO3 solution was
added, and the mixture was extracted with CH2Cl2. Washing with brine, drying over MgSO4
and evaporation of the solvent gave 1.51 g of 20 (5.6 mmol, 97%) as a pure yellowish solid. 1H
NMR (400 MHz, CDCl3): δ 6.20 (s, 1H ), 3.17 (dd, J = 17.2, 8.1 Hz, 1H), 2.70 (s, 3H),
2.65 (m, 1H), 2.46 (dd, J = 17.0, 4.2 Hz, 1H), 2.22 (s, 3H), 1.27 ppm (d, J = 7.3 Hz, 3H).
13
C NMR (400 MHz, CDCl3): δ 208.3 (CO), 154.1 (C), 154.0 (C), 137.0 (C), 127.2 (C),
119.1 (C), 114.9 (C), 42.5 (CH), 33.1 (CH2), 17.2 (CH3), 16.7 (CH3), 11.6 ppm (CH3). MS
(EI, %): m/z = 268 (88), 253 (100). HRMS calcd for C12H13BrO2: 268.0098, found:
268.0052.
20 5-Bromo-6-hydroxy-2,4,7-trimethylindan-1-one
Prepared by a similar procedure as compound 19 (96 %). 1H NMR (400 MHz, CDCl3):
δ 5.74 (s, 1H ), 3.17 (dd , J = 16.5, 8.1 Hz, 1H), 2.70 (m, 1H), 2.55 (s, 3H), 2.49 (dd, J =
16.7, 3.8 Hz, 1H), 2.32 (s, 3H), 1.27 ppm (d, J = 7.3 Hz, 3H). 13C NMR (400 MHz,
CDCl3): δ 210.1 (CO), 149.6 (C), 144.6 (C), 133.0 (C), 132.2 (C), 121.9 (C), 120.5 (C),
42.5 (CH), 33.4 (CH2), 18.5 (CH3), 16.5 (CH3), 10.6 ppm (CH3). MS (EI, %): m/z = 268
(88), 253 (100). HRMS calcd for C11H10BrO2 (M-CH3): 252.9864, found: 252.9876.
29 1,4,5,8-Tetramethyldibenzo[1,4]dioxin32
Reaction of 2-bromo-3,6-dimethylphenol7 28 (178 mg, 0.89 mmol) was performed in a dry
and nitrogen-flushed Schlenk vessel, charged with CsCO3 (3 eq), pyridine (3 eq) and
CuBr·SMe2 (3 eq) in 20 ml dry MeCN, after which 28 was added. The mixture was brought
to reflux, and progress of the reaction was followed with thin layer chromatography (n-pentane
: diethylether = 25 : 1). Workup could usually be performed within 24 h, after which the
solvent was evaporated and the crude product purified using column chromatography on
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aluminium oxide to give a white solid (44 mg, 41%). 1H NMR (400 MHz, CDCl3): δ 6.61 (s,
4H), 2.19 ppm (s, 12H). 13C NMR (400 MHz, CDCl3): δ 140.5 (C), 124.1 (CH), 123.1 (C),
14.8 (CH3). MS (EI, %): m/z = 240 (100), 225 (10), 120 (8).
34 5-Hydroxy-2,4,7-trimethylindan-1-one
In a dry nitrogen atmosphere 1.1 g (5.4 mmol) of 37 was dissolved in 25 ml dry CH2Cl2. BBr3
(2.0 eq., 1 ml) was added, and the mixture was stirred at room temperature overnight. The
mixture was poured in water, extracted with EtOAc, washed with brine and dried over MgSO4
to give the crude product as a pure solid (99%), which could be further purified by
recrystallisation from CHCl3 to give 0.70 g (67%) of a pure crystalline solid. X-ray
crystallography was used to determine the regiochemistry of this compound. 1H NMR (400
MHz, CDCl3): δ 6.68 (s, 1H), 3.21 (dd , J = 17.2, 7.7 Hz, 1H), 2.69 (m, 1H), 2.54 (s, 3H),
2.50 (1/2 * dd, J = 17.2, 3.7 Hz, 1H), 2.15 (s, 3H), 1.29 ppm (d, J = 7.7 Hz, 3H). 13C NMR
(400 MHz, CDCl3): δ210.4 (CO), 159.7 (C), 156.4 (C), 138.5 (C), 126.4 (C), 117.9 (C),
117.0 (CH), 42.5 (CH), 33.7 (CH2), 18.2 (CH3), 16.9 (CH3), 10.4 (CH3). MS (EI, %): m/z =
190 (69), 175 (100). HRMS calcd for C12H14O2: 190.0994, found: 190.1002.
35 6-Hydroxy-2,4,7-trimethylindan-1-one
Prepared by a similar procedure as 34 in 99% yield. 1H NMR (400 MHz, CDCl3): δ 6.92
(s, 1Η), 5.59 (bs, 1H), 3.13 (dd, J = 16.8, 8.1 Hz, 1Η), 2.65 (m, 1H), 2.51 (s, 3H), 2.43 (dd,
J = 16.8, 3.9 Hz, 1H), 2.22 (s, 3H), 1.27 ppm (d, J = 7.7 Hz, 3H). 13C NMR (400 MHz,
CDCl3): δ 211..6 (CO), 153.3 (C), 145.6 (C), 134.2 (C), 133.2 (C), 122.4 (CH), 120.2 (C),
42.8 (CH), 32.5 (CH2), 17.5 (CH3), 16.6 (CH3), 9.4 ppm (CH3). MS (EI, %): m/z = 190
(90), 175 (100), 147 (24). HRMS calcd for C12H14O2: 190.0994, found: 190.0993.
37 5-Methoxy-2,4,7-trimethylindan-1-one and 38 6-methoxy, 2,4,7-trimethylindan-1-one
PPA was heated to 70ºC and 5.0 g 2,5-dimethylphenyl methyl ether (prepared by reaction of
2,5-dimethylphenol with K2CO3 and MeI in acetone, 36.7 mmol) was added as a finely
powdered solid. Subsequently there was added 3.1 ml methacrylic acid (1.0 eq.) and the
mixture was stirred mechanically for 5 h. The black mixture was poured onto ice and stirred
overnight, and then extracted with EtOAc. Washing with brine and drying over MgSO4
afforded the crude product, consisting of a 2: 1 mixture of 37 and 38. After removal of the
solvent by rotary evaporation these compounds were separated using column chromatography
with heptane-toluene 1:1 to result in pure single isomers, which were assigned by NOESY
spectroscopy at this stage and by X-ray crystallography in a later stage. 37: 1H NMR (400
MHz, CDCl3): δ 6.89 (s, 1H), 3.81 (s, 3H), 3.13 (dd, J = 16.6, 8.3 Hz, 1H), 2.64 (m, 1H),
2.48 (s, 3H), 2.43 (dd, J = 16.6, 3.9 Hz, 1H), 2.27 (s, 3H), 1.26 ppm (d, J = 7.3 Hz, 3H). 13C
NMR (400 MHz, CDCl3): δ 211.2 (CO), 156.8 (C), 144.3 (C), 134.0 (C), 132.7 (C), 123.9
(C), 117.7 (CH), 56.2 (CH3), 42.7 (CH), 32.4 (CH2), 17.8 (CH3), 16.5 (CH3), 9.6 ppm
(CH3). MS (EI, %): m/z = 204 (100), 189 (92), 161 (35). HRMS calcd for C13H16O2:
204.1150, found: 204.1141. 38: 1H NMR (400 MHz, CDCl3): δ 6.58 (s, 1H), 3.86 (s, 3H),
3.18 (dd, J = 17.1, 8.1 Hz, 1H), 2.62 (m, 1H), 2.59 (s, 3H), 2.47 (dd, J = 17.1, 3.8 Hz, 1H),
2.08 (s, 3H), 1.26 (d, J = 7.6 Hz, 3H). 13C NMR (400 MHz, CDCl3): δ 209.2 (CO), 161.6
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(C), 154.4 (C), 138.1 (C), 126.4 (C), 119.9 (C), 111.5 (CH), 55.7 (CH3), 42.3 (CH), 33.4
(CH2), 18.4 (CH3), 16.7 (CH3), 10.5 ppm (CH3). MS (EI, %): m/z = 204 (80), 189 (100),
161 (12). HRMS calcd for C13H16O2: 204.1150, found: 204.1142.
39 2,6-Dibromo-5-hydroxy-2,4,7-trimethylindan-1-one
A round-bottomed flask was charged with 1.79 g (9.4 mmol) 34 in 150 ml CH2Cl2. Bromine
(5.0 eq, 2.4 ml) and a small crystal of iodine were added, and the mixture was stirred at room
temperature overnight. Aqueous NaSO3 was added, after which the layers were separated.
Extraction with CH2Cl2, washing with brine, drying over MgSO4 and removal of the solvent
by rotary evaporation afforded a 3.19 g (9.2 mmol, 97%) of a brownish solid, which turned
out to be pure 39. 1H NMR (400 MHz, CDCl3): δ 6.34 (s, 1H ), 3.63 (d, J = 18.3 Hz, 1H),
3.24 (d, J = 18.3 Hz, 1H), 2.72 (s, 3H), 2.19 (s, 3H), 1.92 ppm (s, 3H). 13C NMR (400
MHz, CDCl3): δ 199.2 (CO), 155.3 (C), 149.6 (C), 138.8 (C), 123.4 (C), 119.2 (C), 115.4
(C), 60.4 (C), 44.4 (CH2), 27.3 (CH3), 17.5 (CH3), 11.7 ppm (CH3). MS (EI, %): m/z = 348
(31), 267 (100), 239 (12). HRMS calcd for C12H12O281Br2: 349.9163, found: 349.9166.
40 2,5-Dibromo-6-hydroxy-2,4,7-trimethylindan-1-one
Prepared by a similar procedure as 39 (91%). 1H NMR (400 MHz, CDCl3): δ 5.79
(s, 1H ), 3.62 (d, J = 18.0 Hz, 1H), 3.28 (d, J = 17.6 Hz, 1H), 2.58 (s, 3H), 2.31 (s, 3H), 1.66
ppm (s, 3H). 13C NMR (400 MHz, CDCl3): δ 200.7 (CO), 150.3 (C), 139.9 (C), 132.3 (C),
129.6 (C), 123.6 (C), 121.6 (C), 60.2 (C), 44.7 (CH2), 26.9 (CH3), 18.5 (CH3), 10.9 ppm
(CH3). MS (EI, %): m/z = 348 (26), 267 (100), 188 (56). HRMS calcd for C12H12O2Br2:
345.9203, found: 345.9187.
41 6-Bromo-5-(methoxymethoxy)-2,4,7-trimethylindan-1-one
A quantity of 481 mg of 19 (1.8 mmol) was dissolved in 40 ml acetone while stirring. An
excess of K2CO3 and 1 eq MOM-Cl (0.14 ml) were added, and the mixture was stirred at
room temperature overnight. The mixture was diluted with water, extracted with CH2Cl2,
washed with brine, dried over MgSO4 and the solvents evaporated to give 542 mg (97%) of
pure 41 as a yellow oil, which solidified upon standing. 1H NMR (400 MHz, CDCl3): δ 5.09
(s, 2H ), 3.64 (s, 3H), 3.17 (dd , J = 17.2, 8.1 Hz, 1H), 2.69 (s, 3H), 2.67 (m, 1H), 2.46 (dd,
J = 17.2, 4.0 Hz, 1H), 2.27 (s, 3H), 1.27 ppm (d, J = 7.7 Hz, 3H). 13C NMR (400 MHz,
CDCl3): δ 208.4 (CO), 157.1 (C), 153.8 (C), 137.9 (C), 130.7 (C), 127.5 (C), 121.4 (C),
99.8 (CH2), 57.9 (CH3), 42.6 (CH), 33.3 (CH2), 17.2 (CH3), 16.5 (CH3), 12.5 ppm (CH3).
MS (EI, %): m/z = 312 (100), 282 (27). HRMS calcd for C14H17BrO3: 312.0361, found:
312.0357.
42 5-Bromo-6-(methoxymethoxy)-2,4,7-trimethylindan-1-one
Prepared by a similar procedure as 41 (99%). 1H NMR (400 MHz, CDCl3): δ 4.96
(s, 2H ), 3.58 (s, 3H), 3.17 (dd, J = 16.9, 7.8 Hz, 1H), 2.59 (m, 1H), 2.55 (s, 3H), 2.47 (dd, J
= 16.9, 4.0 Hz, 1H), 2.30 (s, 3H), 1.22 ppm (d, J = 7.3 Hz, 3H). 13C NMR (400 MHz,
CDCl3): δ 209.0 (CO), 157.1 (C), 152.4 (C), 149.0 (C), 133.8 (C), 130.0 (C), 127.6 (C),
99.6 (CH2), 57.7 (CH3), 42.4 (CH), 33.7 (CH2), 18.4 (CH3), 16.2 (CH3), 11.5 ppm (CH3).
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MS (EI, %): m/z = 314 (99), 312 (100), 284 (36), 282 (40), 269 (27), 267 (30). HRMS calcd
for C14H17BrO3: 312.0361, found: 312.0365.
49
Dispiro[6-bromo-5-(methoxymethoxy)-2,4,7-trimethylindene-1,2'-thiirane-3’,9’’-(9’’Hxanthene)]
In a dry nitrogen atmosphere 257 mg 41 (0.82 mmol) was reacted with 3 eq. TBS-hydrazine
and 5% Sc(OTf)3 at 60ºC overnight. 1H NMR was used to follow the reaction. When the
reaction was complete, the excess hydrazine was removed under high vacuum at 70ºC. The
product, stable in a pure form under nitrogen in the fridge but not in solution, was deprotected
using TBAF in dry THF to result in the even more unstable impure free hydrazone 45. This
compound degraded completely within a few days under any circumstances. It was crystallised
overnight using slow evaporation of pentane into EtOAc in the fridge, and the solvents were
removed to result in 120 mg (0.37 mmol, 45%) of reasonably pure hydrazone 45. Without
delay, this quantity was added to 8 ml dry DMF and the solution cooled to -50ºC.
[Bis(acetoxyiodo)]benzene (118 mg, 1 eq) was added, and subsequently 84 mg (1 eq) of 9Hthioxanthene-9-thione 12 was added as a pre-cooled CH2Cl2-DMF solution. The solution was
allowed to reach room temperature overnight, and DCM (50 ml) was added. The solution was
washed thoroughly with water and brine, dried over MgSO4 and the solvents evaporated to
give the crude product, which was purified by column chromatography using pentane/EtOAc
to give 111 mg of 49 as a pure yellow oil (0.21 mmol, 57% from the hydrazone). 1H NMR
(400 MHz, CD2Cl2): δ 7.79 (d, J = 8.1 Hz, 1H), 7.65 (d, J = 7.7 Hz, 1H), 7.46 (d, J = 7.7 Hz,
1H), 7.30 (t, J = 7.3 Hz, 1H), 7.23 (m, 3H), 7.11 (t, J = 7.3 Hz, 1H), 4.92 (m, 2H), 3.54 (s,
3H), 3.06 (dd, J = 15.8, 6.6 Hz, 1H), 2.27 (s, 3H), 2.19 (d, J = 15.4 Hz, 1H), 2.14 (s, 3H),
1.43 (m, 1H), 1.01 ppm (d, J = 7.0 Hz, 3H). 13C NMR (400 MHz, CD2Cl2): δ 152.7 (C),
144.3 (C), 139.2 (C), 136.7 (C), 136.3 (C), 135.3 (C), 134.6 (C), 132.3 (C), 130.9 (CH),
129.1 (CH), 127.3 (CH), 127.3 (CH), 127.2 (CH), 126.9 (C), 126.8 (CH), 126.1 (CH),
120.2 (C), 99.8 (CH2), 71.6 (CS), 62.7 (CS), 58.1 (CH3), 40.8 (CH), 36.5 (CH2), 21.7
(CH3), 19.5 (CH3), 13.4 (CH3). MS (EI, %): m/z = 526 (87), , 481 (37), 447 (11), 197 (100).
HRMS calcd for C27H25BrO2S2: 524.0479, found: 524.0452.
50
Dispiro[5-bromo-6-(methoxymethoxy)-2,4,7-trimethylindene-1,2'-thiirane-3’,9’’-(9’’Hxanthene)]
Prepared by a similar procedure as 49 (32% from the ketone). 1H NMR (400 MHz, CD2Cl2):
δ 7.79 (d, J = 8.1 Hz, 1H), 7.65 (d, J = 7.7 Hz, 1H), 7.46 (d, J = 7.7 Hz, 1H), 7.30 (t, J = 7.3
Hz, 1H), 7.23 (m, 3H), 7.11 (t, J = 7.3 Hz, 1H), 4.92 (m, 2H), 3.54 (s, 3H), 3.06 (dd, J =
15.8, 6.6 Hz, 1H), 2.27 (s, 3H), 2.19 (d, J = 15.4 Hz, 1H), 2.14 (s, 3H), 1.43 (m, 1H), 1.01
ppm (d, J = 7.0 Hz, 3H). 13C NMR (400 MHz, CD2Cl2): δ 152.7 (C), 144.3 (C), 139.2 (C),
136.7 (C), 136.3 (C), 135.3 (C), 134.6 (C), 132.3 (C), 130.9 (CH), 129.1 (CH), 127.3
(CH), 127.3 (CH), 127.2 (CH), 126.9 (C), 126.8 (CH), 126.1 (CH), 120.2 (C), 99.8 (CH2),
71.6 (CS), 62.7 (CS), 58.1 (CH3), 40.8 (CH), 36.5 (CH2), 21.7 (CH3), 19.5 (CH3), 13.4
(CH3). MS (EI, %): m/z = 526 (87), , 481 (37), 447 (11), 197 (100). HRMS calcd for
C27H25BrO2S2: 524.0479, found: 524.0459.
51 9-(6-Bromo-5-(methoxymethoxy)-2,4,7-trimethylinden-1-ylidene)-9H-thioxanthene
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A toluene solution of 110 mg 49 (0.21 mmol) and an excess of PPh3 was heated at reflux
overnight. Toluene was evaporated and there was added CH2Cl2 with excess MeI to destroy
remaining PPh3. The remaining solution was filtered over silicagel and evaporated to give a
mixture of the crude product and triphenylphosphine sulphide. The alkene was isolated by
column chromatography using toluene to result in 90 mg (0.18 mmol, 86 %) of the pure
alkene as a white solid. 1H NMR (400 MHz, CD2Cl2): δ 8.03 (dd, J = 7.7, 0.7 Hz, 1H), 7.84
(dd, J = 7.7, 1.5 Hz, 1H), 7.80 (dd, J = 7.7, 0.7 Hz, 1H), 7.60 (dt, J = 7.7, 1.1 Hz, 1H), 7.48
(dt, J = 7.5, 1.5 Hz, 1H), 7.43 (dt, J = 7.3, 1.5 Hz, 1H), 7.33 (dt, J = 7.7, 1.1 Hz, 1H), 7.26
(dd, J = 7.7, 1.5 Hz, 1H), 5.58 (m, 2H), 4.44 (q, J = 6.6 Hz, 1H), 3.91 (s, 3H), 3.58 (dd, J =
15.6, 6.4 Hz, 1H), 2.73 (d, J = 5.4 Hz, 1H), 1.57 (s, 3H), 0.96 ppm (d, J = 7.0 Hz, 3H). 13C
NMR (400 MHz, CD2Cl2): δ 153.2 (C), 146.3 (C), 146.0 (C), 140.9 (C), 137.7 (C), 136.4
(C), 136.3 (C), 135.8 (C), 134.2 (C), 129.4 (C), 128.2 (CH), 128.1 (CH), 128.0 (CH),
127.8 (CH), 127.0 (C), 126.9 (CH), 126.7 (CH), 126.7 (CH), 126.4 (CH), 119.9 (C), 100.1
(CH2), 58.0 (CH3), 38.4 (CH2), 37.6 (CH), 21.6 (CH3), 19.2 (CH3), 13.6 (CH3). MS (EI,
%): m/z = 494 (37), 449 (100). HRMS calcd for C27H25BrO2S: 492.0758, found: 492.0739.
52 9-(5-Bromo-6-(methoxymethoxy)-2,4,7-trimethylinden-1-ylidene)-9H-thioxanthene
Prepared by a similar procedure as 52 (90 %). 1H NMR (400 MHz, CDCl3): δ 7.74 (d, J = 7.7
Hz, 1H), 7.55 (d, J = 7.7 Hz, 1H), 7.51 (dd, J = 7.7, 0.7 Hz, 1H), 7.29 (t, J = 7.7 Hz, 1H),
7.17 (m, 3H), 7.01 (m, 1H), 4.82 (m, 2H), 4.15 (m, 1H), 3.54 (s, 3H), 3.34 (dd, J = 15.0,
6.2 Hz, 1H), 2.48 (d, J = 5.0 Hz, 1H), 2.35 (s, 3H), 1.17 (s, 3H), 0.69 ppm (d, J = 7.0 Hz,
3H). 13C NMR (400 MHz, CDCl3): δ 152.1 (C), 145.7 (C), 141.7 (C), 140.4 (C), 139.3 (C),
137.2 (C), 136.0 (C), 135.2 (C), 132.4 (C), 129.6 (C), 128.0 (C), 128.0 (CH), 127.9 (CH),
127.6 (CH), 127.2 (CH), 126.3 (2*CH), 126.3 (CH), 126.1 (CH), 120.2 (C), 99.1 (CH2),
57.8 (CH3), 38.8 (CH2), 37.1 (CH), 19.5 (CH3), 19.2 (CH3), 15.1 (CH3). MS (EI, %): m/z =
494 (100), 449 (92), 235 (63), 197 (41). HRMS calcd for C27H25BrO2S: 492.0758, found:
492.0749.
53 9-(6-Bromo-5-hydroxy-2,4,7-trimethylinden-1-ylidene)-9H-thioxanthene
In a dry nitrogen atmosphere 10 ml dry CH2Cl2 and 200 μl TFA were stirred at room
temperature. Compound 51 (22 mg, 45 μmol) was added, and the reaction was followed by
TLC until completion (usually < 2 h). EtOAc and H2O were added, and subsequently 0.5 ml
conc. NaHCO3 (aq) was added. Very quickly, the layers were separated, and the organic phase
was washed once with brine as quick as possible. Drying with MgSO4 and evaporation of the
solvents gave double-bond shifted product(s) as well as the product phenol. The latter was
crystallised from Et2O to result in 14 mg (67% after one crystallisation) pure 53 as a clear
crystalline compound. As long as it is kept dry (as a solid or in solution) the compound is
stable. 1H NMR (400 MHz, CDCl3): δ7.71 (d, J = 7.7 Hz, 1H), 7.54 (d, J = 7.7 Hz, 1H),
7.49 (d, J = 7.7 Hz, 1H), 7.28 (t, J = 7.5 Hz, 1H), 7.13 (m, 2H), 7.01 (m, 2H), 5.70 (bs, 1H),
4.15 (m, 1H), 3.27 (dd, J = 15.5, 6.4 Hz, 1H), 2.45 (d, J = 5.4 Hz, 1H), 2.23 (s, 3H), 1.27 (s,
3H), 0.69 ppm (d, J = 7.0 Hz, 3H). 13C NMR (400 MHz, CDCl3): δ 150.0 (C), 146.0 (C),
145.6 (C), 140.8 (C), 137.5 (C), 136.1 (C), 135.6 (C), 132.6 (C), 131.9 (C), 128.0 (C),
127.9 (CH), 127.8 (CH), 127.7 (CH), 127.4 (CH), 126.5 (CH), 126.3 (CH), 126.2 (CH),
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125.9 (CH), 118.6 (C), 113.0 (C), 38.0 (CH2), 37.2 (CH), 21.2 (CH3), 19.3 (CH3), 12.7
(CH3). MS (EI, %): m/z = 448 (70), 433 (22), 235 (100). HRMS calcd for C25H21BrOS:
448.0496, found: 448.0487.
55 9-(5-Bromo-6-hydroxy-2,4,7-trimethylinden-1-ylidene)-9H-thioxanthene
In a dry nitrogen atmosphere 4.5 ml dry CH2Cl2 and 0.1 ml TFA were stirred at room
temperature. 13 mg (26 μmol) 52 was added, and the reaction was followed by TLC until
completion (< 1 h). EtOAc and H2O were added, and subsequently 1 ml conc. NaHCO3 (aq)
was added. Very quickly, the layers were separated, and the organic phase was washed once
with brine as quick as possible. Drying with MgSO4 and evaporation gives the free phenol 55
as a light-purple solid (8.5 mg, 72%). 1H NMR (400 MHz, CH2Cl2): δ7.77 (d, J = 7.7 Hz,
1H,), 7.58 (dd, J = 7.7, 1.1 Hz, 1H), 7.52 (d, J = 8.1, 1.1 Hz, 1H), 7.33 (t, J = 7.7 Hz, 1H),
7.21 (t, J = 7.7 Hz, 1H), 7.16 (t, J = 7.7 Hz, 1H), 7.07 – 6.99 (m, 2H), 5.44 (bs, 1H), 4.17
(m, 1H), 3.36 (dd, J = 15.0, 6.2 Hz, 1H), 2.48 (d, J = 15.0 Hz, 1H), 2.35 (s, 3H), 1.17 (s,
3H), 0.69 ppm (d, J = 6.6 Hz, 3H). 13C NMR (400 MHz, CH2Cl2): 149.6 (C), 146.2 (C),
141.0 (C), 139.2 (C), 137.9 (C), 137.8 (C), 136.4 (C), 135.7 (C), 131.4 (C), 129.9 (C),
128.2 (CH), 128.1 (CH), 128.0 (CH), 127.8 (CH), 126.9 (CH), 126.7 (CH), 126.7 (CH),
126.4 (CH), 120.7 (C), 113.5 (C), 38.7 (CH2), 37.6 (CH), 19.4(CH3), 19.3 (CH3), 14.3
(CH3). MS (EI, %): m/z = 450 (41), 448 (36), 235 (100). HRMS calcd for C25H2181BrOS:
450.0476, found: 450.0463.
70 Bisbenzo[c]chromene-fluorene double motor (BCF)
In a dry nitrogen atmosphere, 27 mg of the bisthioketone 82 was brought to reflux in toluene.
In portions there was added 4 eq. of diazofluorene 83 as a PhMe solution over approximately 3
h, and reflux was continued for 2 h. After evaporation of the solvent, separation of the mixture
of bisfluorene, RR/SS racemate and the RS-(meso) diastereomer was possible by column
chromatography using pentane : chloroform = 2 : 1 in combination with crystallisation (PhMe,
preferential crystallisation of the RS diastereomer). The diastereomers were assigned on the
basis of the central CH2 proton shifts and by polarity and symmetry considerations, which was
verified by chiral HPLC analysis (AD-column, heptane : isopropanol = 98 : 2). Maldi-mass
spectrometry was performed on a pure diastereomeric mixture. The total product yield after
isolation was 41%, part of which as a mixture of diasteromers. RR/SS diastereomer: 1H NMR
(500 MHz, CD2Cl2): δ 7.93 (m, 6H), 7.73 (m, 4H), 7.37 (m, 4H), 7.23 (m, 4H), 5.23 (d, J =
12.5 Hz, 2H), 5.02 (d, J = 12.5 Hz, 2H), 4.17 (m, 2H), 3.29 (dd, J = 14.8, 5.7 Hz, 2H), 2.71
(d, J = 15.4 Hz, 2H), 2.59 (s, 6H), 2.30 (s, 6H), 1.36 ppm (d, J = 6.6 Hz, 6H). 13C NMR
(500 MHz, CD2Cl2): 155.5 (C), 152.3 (C), 146.8 (C), 139.7 (C), 139.6 (C), 139.6 (C), 138.0
(C), 135.7 (C), 132.8 (C), 132.3 (C), 130.0 (C), 129.9 (C), 127.1 (CH), 126.9 (CH), 126.7
(CH), 126.5 (CH), 123.8 (CH), 123.3 (CH), 123.1 (CH), 122.9 (C), 121.4 (C), 119.7 (CH),
119.4 (CH), 69.8 (CH2), 43.6 (CH), 40.3 (CH2), 22.4 (CH3), 19.1 (CH3), 12.4 ppm (CH3).
MS (Maldi, α-cyano-4-hydroxycinnamic acid) calcd for C58H46O2: 775.0, found: 774.7. RSdiastereomer: 1H NMR (500 MHz, CD2Cl2): δ 7.94 (m, 2H), 7.84 (m, 4H), 7.76 (s, 2H),
7.62 (d, J = 8.1 Hz, 2H), 7.35 (m, 4H), 7.20 (t, J = 7.7 Hz, 2H), 5.16 (d, J = 12.5 Hz, 2H)
5.09 (d, J = 12.8 Hz, 2H), 4.17 (m, 2H), 3.27 (dd, J = 15.0, 6.2 Hz, 2H), 2.70 (d, J = 15.4
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Hz, 2H), 2.66 (s, 6H), 2.28 (s, 6H), 1.39 ppm (d, J = 6.6 Hz, 6H). 13C NMR (500 MHz,
CDCl3): 155.8 (C), 152.5 (C), 146.8 (C), 139.7 (C), 139.7 (C), 139.5 (C), 138.0 (C), 135.4
(C), 132.9 (C), 132.3 (C), 130.1 (C), 129.7 (C), 127.0 (CH), 126.9 (CH), 126.7 (CH),
126.6 (CH), 123.8 (CH), 123.2 (CH), 122.8 (CH), 122.2 (C), 121.3 (C), 119.7 (CH), 119.3
(CH), 69.7 (CH2), 43.7 (CH), 40.3 (CH2), 22.1 (CH3), 19.2 (CH3), 12.3 ppm (CH3). MS
(Maldi, α-cyano-4-hydroxycinnamic acid) calcd for C58H46O2: 775.0, found: 774.7.
71 Bisbenzo[c]chromene-thioxanthene double motor (BCS)
In a dry nitrogen atmosphere in toluene solution, thioketone 82 (156 mg, 0.30 mmol) was
stirred at room temperature. Three equivalents of freshly prepared diazo-compound 84 were
added in portions over 5 h; for every portion, a separate oxidation of the precursor hydrazone
was performed by stirring with 1 eq Ag2O and excess MgSO4 and subsequent filtration over
celite. Formation of the product was followed by 1H NMR spectroscopy; the first coupling
proceeds relatively quickly, but the second coupling requires more time. Three days of room
temperature stirring resulted in a mixture of compounds. Filtration of undissolved solids and
1
H NMR analysis of the solid gave the RS-diastereomer as a double episulfide. This was not
further purified but directly refluxed in toluene overnight in the presence of 250 eq PPh3 (less
PPh3 results in longer reaction times, during which degradation of probably the episulfide
mixture occurs). In a separate sequence, the (RR/SS) racemate was obtained by crystallisation
from PhMe of the filtered reaction mixture, after flash column chromatography using
chloroform and silica gel to remove part of the side products. The crude episulfide was not
purified extensively nor characterised, but refluxed in the presence of 250 eq. PPh3 in PhMe
overnight.
Removal of PPh3 was achieved by stirring with Merrifield Resin in acetone and subsequent
filtration.40 Washing of the residu with acetone and collection of the filtrate afforded the
(RR/SS)-71 racemate, which was purified by crystallisation from toluene. Washing of the
residu with chloroform afforded (RS)-71, which was further purified by crystallisation from
toluene. Assigment of the diasteromers was performed by HPLC (AD-column, heptane :
isopropanol = 98 : 2): the least soluble compound is the wanted meso RS-diasteromer, which
gives a single peak at rF = 4.3 min. The (RR/SS) racemate gives two peaks in the same
experiment, at rF = 4.7 and 5.4 min. and was obtained pure.
RR/SS-diastereomer (episulfide) 1H NMR (500 MHz, CDCl3): δ 7.91 (d, J = 7.8 Hz, 2H),
7.64 (d, J = 7.8 Hz, 2H), 7.42 (d, J = 7.6 Hz, 2H), 7.29 – 7.15 (m, 8H), 7.07 (t, J = 7.6 Hz,
2H), 6.62 (s, 2H), 4.80 (d, J = 12.2 Hz, 2H), 4.71 (d, J = 12.2 Hz, 2H), 3.08 (dd, J = 15.7,
6.4 Hz, 2H), 2.43 (s, 6H), 2.22 (d, J = 14.6 Hz, 2H), 2.03 (s, 6H), 1.03 ppm (d, J = 6.9 Hz,
6H). 13C NMR (500 MHz, CDCl3): 153.3, 143.6, 139.0, 136.5, 136.5, 135.7, 132.2, 130.6,
130.1, 129.8, 129.3, 128.8, 127.5, 126.9, 126.8, 126.3, 125.1, 123.3, 122.8, 119.8, 71.4,
69.4, 61.64, 39.9, 36.4, 21.8, 19.6, 11.8 ppm. MS (Maldi, α-cyano-4-hydroxycinnamic acid)
calcd for C58H46O2S4: 902.2, found: 902.5. Alkene (RR/SS)-71: 1H NMR (500 MHz, CDCl3):
δ 7.97 (d, J = 7.7 Hz, 2H), 7.59 (d, J = 7.6 Hz, 2H), 7.55 (d, J = 7.6 Hz, 2H), 7.31 (t, J = 7.5
Hz, 2H), 7.22 – 7.17 (m, 6H), 7.10 (t, J = 7.3 Hz, 2H), 6.94 (s, 2H), 4.91 (d, J = 12.2 Hz,
2H), 4.80 (d, J = 12.2 Hz, 2H), 4.17 (m, 2H),3.36 (dd, J = 15.5, 6.1 Hz, 2H), 2.52 (d, J =
15.3 Hz, 2H), 2.21 (s, 6H), 21.40 (s, 6H), 0.72 ppm (d, J = 6.7 Hz, 6H). 13C NMR (500
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MHz, CDCl3): 154.1 (C), 146.6 (C), 145.8 (C), 141.2 (C), 137.6 (C), 136.1 (C), 135.2 (C),
134.4 (C), 132.3 (C), 130.4 (C), 129.6 (C), 128.3 (CH), 128.3 (CH), 127.6 (CH), 127.4
(CH), 126.4 (CH), 126.3 (CH), 126.0 (CH), 125.9 (CH), 122.9 (C), 122.8 (CH), 120.4 (C),
69.5 (CH2), 38.4 (CH2), 36.9 (CH), 21.2 (CH3), 19.3 (CH3), 12.3 (CH3). MS (Maldi, αcyano-4-hydroxycinnamic acid) calcd for C58H46O2S2: 838.3, found: 838.3.
RS-diastereomer (episulfide) 1H NMR (500 MHz, CDCl3): δ 7.89 (d, J = 7.6 Hz, 2H), 7.64
(d, J = 7.5 Hz, 2H), 7.41 (d, J = 7.5 Hz, 2H), 7.29 – 7.18 (m, 8H), 7.00 (t, J = 7.1 Hz, 2H),
6.83 (s, 2H), 4.78 (d, J = 11.9 Hz, 2H), 4.67 (d, J = 12.0 Hz, 2H), 3.73 (m, 2H), 3.08 (m,
2H), 2.47 (s, 6H), 2.20 (d, J = 15.4 Hz, 2H), 2.08 (s, 6H), 1.03 ppm (d, J = 6.9 Hz, 6H).
Alkene (RS)-71: 1H NMR (500 MHz, CDCl3): δ 7.76 (d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.8
Hz, 2H), 7.56 (d, J = 7.8 Hz, 2H), 7.43 (m, 4H), 7.30 (t, J = 7.5 Hz, 2H), 7.18 (m, 4H),
7.04 (s, 2H), 4.92 (d, J = 12.4 Hz, 2H), 4.77 (d, J = 12.2 Hz, 2H), 4.16 (m, 2H), 3.36 (dd, J
= 15.2, 6.2 Hz, 2H), 2.51 (d, J = 8.9 Hz, 2H), 2.19 (s, 6H), 1.46 (s, 6H), 0.72 ppm (d, J = 6.7
Hz, 6H). MS (Maldi, α-cyano-4-hydroxycinnamic acid) calcd for C58H46O2S2: 838.3, found:
838.1.
72 Bisbenzo[c]chromene diketone
The eliminated product 81 (159 mg, 0.33 mmol) was added to a stirred mixture of
concentrated H2SO4 in a nitrogen atmosphere at room temperature. After 2 h, the mixture was
poured on ice, extracted with CHCl3, washed, dried and the solvent evaporated to result in 159
mg (100%) of diketone 72 as a white solid. 1H NMR (400 MHz, CDCl3): δ 7.52 (s, 2H),
5.03 (s, 4H), 3.25 (dd, J = 17.2, 8.1 Hz, 2H), 2.94 (s, 6H), 2.68 (m, 2H), 2.56 (d, J = 17.2
Hz, 2H), 2.21 (s, 6H), 1.31 ppm (d, J = 7.3 Hz, 6H). 13C NMR (500 MHz, CDCl3): 209.7
(CO), 159.0 (C), 154.7 (C), 134.2 (C), 133.1 (C), 129.1 (C), 128.2 (C), 123.6 (CH), 122.7
(C), 120.6 (C), 69.5 (CH2), 42.4 (CH), 33.3 (CH2), 17.4 (CH3), 16.9 (CH3), 11.1 ppm
(CH3). MS (EI, %): m/z = 478 (100), 463 (17), 437 (10). HRMS calcd for C32H30O4:
478.2144, found: 478.2118.
73 Bis(benzo[c]chromene)37
A schlenk vessel with a dry nitrogen atmosphere was charged with 1.16 g (2.3 mmol) 23, 15%
Pd(OAc)2, 22.5% P(cy)3 and 3 eq. oven-dried K2CO3 in 35 ml DMA that was dried on CaH2
and distilled under vacuum. The starting material did not dissolve, but after 15 h heating at
130ºC a clear solution was obtained, which was filtered over silica gel and the solvent removed,
and DMA was removed by kugelrohr distillation. This resulted in 714 mg (100%) of 24 as a
yellow-brown solid. 1H NMR (400 MHz, CDCl3): δ 7.57 (s, 2H), 7.00 (d, J = 7.7 Hz, 2H),
6.84 (d, J = 7.7 Hz, 2H), 4.98 (s, 4H), 2.66 (s, 6H), 2.28 (s, 6H). 13C NMR (400 MHz,
CDCl3): δ 154.4 (C), 133.3 (C), 132.6 (C), 129.9 (CH), 129.5 (C), 124.7 (CH), 124.0 (C),
122.7 (CH), 122.6 (C), 69.2 (CH2), 22.5 (CH3), 15.9 (CH3). MS (EI, %): m/z = 342 (100),
171 (9). HRMS calcd for C24H22O2: 342.1620, found: 342.1603.
74 2,2'-(2,5-Dibromo-1,4-phenylene)bis(methylene)bis(oxy)bis(1,4-dimethylbenzene)
An acetone-solution of 2.97 g of 76 (7.03 mmol) was brought to reflux in the presence of an
excess of K2CO3, 1% NaI and 2.1 eq. of 2,5-dimethylphenol. After 15 h the mixture was
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diluted with 8 volume-eq. of H2O and filtered. Washing with NaHCO3-solution and H2O
resulted in a white solid, with was dried on air to result in pure 74 (3.37 g, 6.73 mmol, 96%).
1
H NMR (400 MHz, CDCl3): δ 7.81 (s, 2H), 7.05 (d, J = 7.3 Hz, 2H), 6.72 (d, J = 7.3 Hz,
2H), 6.69 (s, 2H), 5.05 (s, 4H), 2.32 (s, 6H), 2.28 (s, 6H). 13C NMR (400 MHz, CDCl3): δ
156.13 (C), 137.82 (C), 136.7 (C), 132.1 (CH), 130.6 (CH), 123.8 (C), 121.7 (CH), 120.9
(C), 112.4 (CH), 68.6 (CH2), 21.4 (CH3), 16.0 (CH3). MS (EI, %): m/z = 504 (55), 383
(100), 304 (23), 262 (47), 223 (20). HRMS calcd for C24H24Br2O2: 502.0143, found:
502.0123.
80 Friedel-Crafts acylation product
Bisbenzo[c]chromene 73 was inserted in a 50 ml 2-necked flask under a dry nitrogen
environment, and 2.25 eq. of AlCl3 and α-chloro-β-methylpropionic acid chloride38 was added.
The mixture was stirred as a DCM solution at room temperature overnight. The mixture was
quenched on ice, extracted with DCM, washed, dried over MgSO4 and the solvent evaporated
to result in pure 80 as a yellow solid consisting of 2 diastereomers (one regioisomer, 82%).1H
NMR (400 MHz, CDCl3): δ 7.50 (s, 2H), 7.36 (s, 2H), 4.99 (m, 2H), 3.92 (m, 2H), 3.70
(m, 2H), 3.60 (m, 2H), 2.68 (s, 6H), 2.28 (S, 6H), 1.27 ppm (m, 6H). 13C NMR (500 MHz,
CDCl3): δ 204.6 (CO), 156.8 (C), 133.8 (C), 133.2 (C), 132.9 (C), 130.4 (CH), 129.2 (C),
124.5 (C), 123.9 (CH), 123.7 (C), 69.3 (CH2), 46.6 (CH), 46.3 (CH2), 20.4 (CH3), 15.9
(CH3), 15.8 ppm (CH3). MS (EI, %): m/z = 550 (40), 514 (36), 473 (100), 437 (43). HRMS
calcd for C32H32O4Cl2: 550.1678, found: 550.1656.
81 Elimination product
Compound 80 (131 mg, 0.237 mmol) was dissolved in CHCl3/NEt3 (1/1 V/V) and refluxed
for several days while monitoring the reaction by TLC. The solvent was evaporated and the
crude product purified by column chromatography to result in the pure product (99 mg,
87%). 1H NMR (400 MHz, CDCl3): δ 7.57 (s, 2H), 7.00 (d, J = 7.7 Hz, 2H), 6.84 (d, J = 7.7
Hz, 2H), 4.98 (s, 4H), 2.66 (s, 6H), 2.28 (s, 6H). 13C NMR (400 MHz, CDCl3): δ 154.4 (C),
133.3 (C), 132.6 (C), 129.9 (CH), 129.5 (C), 124.7 (CH), 124.0 (C), 122.7 (CH), 122.6
(C), 69.2 (CH2), 22.5 (CH3), 15.9 (CH3). MS (EI, %): m/z = 342 (100), 171 (9). HRMS
calcd for C24H22O2: 342.1620, found: 342.1603.
82 Bisbenzo[c]chromene dithioketone
In toluene solution, 82 (49 mg, 102 μmol) was refluxed with 2.1 eq. Lawesons reagent for 2 h.
The reaction mixture was cooled to room temperature and quickly flushed over toluenepresaturated neutral aluminium oxid with the aid of vacuum, and then rinsed with toluene
until the filtrate was without colour. Because the product degrades on silica gel fast, and
degrades on aluminium oxide as well, but slower, the speed with which this is performed
determines the yield. After evaporation of solvents the product is obtained pure as a red
mixture of diastereomers (45 mg, 88%). 1H NMR (400 MHz, CDCl3): δ 7.49 (2*s, 2H), 5.04
(s, 4H), 3.34 (dd, J = 17.6, 7.3 Hz, 2H), 3.10 (s, 6H), 3.04 (m, 2H), 2.72 (d, J = 18.0 Hz,
2H), 2.25 (s, 6H), 1.44 ppm (2*d, 6H). 13C NMR (400 MHz, CDCl3): 249.3 (CS), 158.8
(C), 156.3 (C), 138.8 (C), 136.3 (C), 133.0 (C), 129.2 (C), 124.2 (CH), 123.8 (C), 120.3
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(C), 69.6 (CH2), 55.4 (CH), 38.0 (CH2), 22.2 (CH3), 21.1 (CH3), 11.7 ppm (CH3). MS (EI,
%): m/z = 510 (100), 494 (28), 478 (60). HRMS calcd for C32H30O2S2: 510.1687, found:
510.1673.
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Despite the challenges associated with the development of molecular
nanotechnology, the belief that one day this will be possible is strong in the scientific
community. The difference between the functioning of technology at the macro- and
nanoscale (figure 1) does not appear to preclude molecular systems achieving
functionality. Molecular biology testifies to this possibility in its use of chemical
energy to drive mechanical function controlled by structural elements. Despite the
randomising power of Brownian motion, structure-defined functionality is therefore
possible, and, in a molecular context, function is indeed dependent on Brownian
motion. At the same time, it has been demonstrated that power output can be
achieved using artificial molecular systems such as azobenzenes and stilbenes, both at a
molecular and at a macroscopic scale. Currently intramolecular motion can be
controlled by external stimuli, as in the myriad of e.g. switchable rotaxanes, catenanes
and spiropyrans. Control over reactivity, intramolecular motion and translational
motion are the three key design issues that ultimately could lead to a form of
molecular nanotechnology, when combined in a single system.
It is a general perception that there is a fundamental difference between the
functioning of artificial molecular systems and biological machinery: to date artificial
function is driven by the tendency to return to the equilibrium state after application
of an external stimulus, whereas natural systems are driven away from equilibrium.
However, the functioning of natural systems is, in the end, dependent on a return to
the equilibrium state as found in artificial systems. The difference is that in natural
systems, a mechanism is in place that prevents an equilibrium state from being
reached. Chemicals, supplied in the form of food, result in a continuous nonequilibrium state. Processes, always in the direction of equilibrium, often proceed via
ratchet-like mechanisms; the associated continuous switching of energy levels allows
for powering of secondary processes, amongst which are mechanical ones, that in the
end sustain the functioning of the organism.

Figure 1: Functioning functionality at the macro- and nanoscale.

240

Summary

In order to reach some form of functional molecular technology, such
mechanisms will have to be adapted for use in artificial systems. Molecular motors as
developed in our group represent an excellent opportunity to achieve this. On the one
hand, photochemical cis - trans isomerisation drives the motor from a lower to a
higher energy level. Chemical energy is subsequently released by a thermal process, the
unidirectionality of which can in principle be used to power a secondary process.
Because this cycle can be repeated indefinitely, resulting in a ratchet-like mechanism,
continuous conversion of light energy to rotational motion is achieved via the motor
switching its potential energy. The energy difference between the stable and unstable
forms can in principle be used as a power source, although the efficiency of energy
conversion is low (chapter 5). However, in normal, low Reynolds number
environments the Brownian motion of both motor molecule and environment
prevents the mechanical motion from being harnessed easily.

Figure 2: The unidirectional cycle of molecular motors bears strong resemblance to a ratchetlike mechanism that converts light energy into mechanical motion via a repetitive increase and
release of chemical energy.

Several approaches to circumvent this problem have been proposed.
Alignment of molecules could increase their strength with respect to Brownian motion
by some form of cooperation, and working on surfaces, in pores or on tracks would
restrict one or more degrees of freedom so that a greater influence on the remaining
degrees of freedom can be exerted. The Reynolds number could be increased, by
working in vacuum or air, rather than in solution. In all cases however, the stochastic
motion of the motor itself cannot be ignored. As a result, either larger structures or
higher rotation rates are required to obtain some form of directive power output
relative to their environments. Multiple rotors on a single structure, preferably in
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Table 1: Barriers to thermal helix inversion Δ‡Gº [kJ/mol] of light-driven unidirectional
molecular motors.

X
O
CH2
S

Y
d [Å]
1.54
2.34
2.48
2.75

S
2.64
34
106
92
106

CMe2
2.46
27
81
94
106

O
2.33
42
67
n.d.1
100

suberene
3.0
84
69
103
101

1.46
85
n.d.a
129
109

a) n.d.: not determined.

a predefined orientation, would also be of help in this matter.
The rate limiting step in the rotation cycle is the rate of thermal helix
inversion. Accelerating this rate increases the maximum rotation rate a motor can
achieve. An analysis of the rates of thermal helix inversion of motors prepared thus far
indicates that fjord-region steric hindrance and stereogenic substituent size (chapter 1),
as well as stator flexibility (chapter 3) are key to such an acceleration. Decreasing the
size of the central rotor ring to a cyclopentylidene structure thus resulted in maximum
rotation rates in the order of MHz, and substitution of the methyl stereogenic

10 9 fold
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12 fold
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Decrease
ring size

Decrease
naphthalene size

3 x 104 f old
acceleration

Increase
substituent size

Theoretically
fastest motor

Figure 3: Acceleration of light driven unidirectional molecular motors, and structure of an, as
yet, unprepared substance that in theory should display the fastest rate of thermal helix
inversion.
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rotation rate below roughly 10-5 M makes bulk solution phase experiments relying on
such rotation rates challenging to perform. As a result, most experimental setups are
currently photochemically rate limited (chapter 4). This means that the overall
pathway of excitation and subsequent photochemical isomerisation takes longer on
average than the thermal pathway of helix inversion. This is determined by a balance
between light intensity, the thermal rate constant and the concentration. Under such
conditions, the average overall rotation rate is far below the maximum of ½kΔ. In the
case of thermal rate limitation, the rate limiting thermal step in the rotation cycle is
rate limiting to the overall rotation rate, which means that an increase in light
intensity does not result in an increase the number of rotations per second.
High rotation rates in combination with solvent-free surfaces under singlemolecule conditions have lead to the observation of non-Brownian molecular
translational motion (chapter 6). The structure that possibly is responsible for this
features two rotating subunits mounted on a central rigid bisbenzo[c]-chromene
scaffold. Rotation behaviour has been confirmed in solution for two different
structures based on this scaffold, BCF and BCS (Figure 4). Although BCF lacks
fluorescence, BCS can be observed using single molecule fluorescence techniques after
spincoating onto glass- or mica surfaces. For samples of the RS-diastereomer, which
features wheels rotating in the same absolute direction, motion was observed, whereas
this could not be observed for samples of the RR/SS enantiomeric mixture, that has its
wheels rotating in opposite absolute direction (Figure 5). Though results indicate the
motion is non-Brownian, a dark experiment sheds doubt on whether this motion is
indeed light-driven. For this reason, definite conclusions about light-powered
mechanical motion cannot be drawn yet.

Figure 5: Motion observed using fluorescence single molecule spectroscopy for samples of RSBCS spincoated as a 10-9 M toluene solution on a glass surface (frames 100 ms).
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Nanotechnologie is een term die recentelijk veel gebruikt wordt, en de
ontwikkeling ervan is het belangrijkste onderwerp van dit proefschrift. In tegenstelling
tot de praktijk in kranten en andere media echter is het uitgangspunt in dit
proefschrift dat functionerende nanotechnologie niet bestaat. Het verschil zit hem in
de definitie van nanotechnologie. Het populaire gebruik van de term omvat
verschillende industrietakken, waarvan de bekendste de chipindustrie is. Maar lab-onchip technieken, zonnecellen en ook nanodeeltjes in cremes en coatings worden met
regelmaat aangeduid als nanotechnologie.
Hoewel dit ongetwijfeld iets te maken heeft met de populariteit van de term
was de oorspronkelijke betekenis van het woord veel smaller. Bovenstaande
voorbeelden zijn voorbeelden van een zogenaamde top-down aanpak. Men neme een
werkend stuk technologie, bijvoorbeeld een transistor, en zoekt naar manieren om dit
steeds kleiner te maken zonder dat het zijn functie verliest. Op deze manier kan
technologie steeds kleiner worden, en dus tegenwoordig ook nm dimensies bereiken.
Het draait hier om het laten functioneren van (macro) technologie in zo klein
mogelijke dimensies, waarbij de inherent verschillende omstandigheden van
nanometer dimensies ten opzichte van de macroschaal als complicatie moet worden
beschouwd. In de oorspronkelijke betekenis kan nanotechnologie beter omschreven
worden als technologie op nanometerschaal. Door onderdelen zo klein mogelijk te
maken, en zulke onderdelen vervolgens samen te voegen tot grotere eenheden met een
andere, complexere functie, wordt een geheel nieuwe technologie verkregen. Op deze
manier wordt juist gebruik gemaakt van de compleet andere fysische wereld die op
deze schaalgroottes geldt, hetgeen nieuwe mogelijkheden opent. Deze aanpak, die op
dit moment nog in de kinderschoenen staat, wordt de bottom-up aanpak genoemd, en
ligt aan de basis van dit proefschrift.
De wetenschap die zich bezighoudt met materie en interactie op deze schaal is
de chemie. Het bestuderen van het gedrag van moleculen is het belangrijkste doel.
Moleculen bestaan uit atomen, de bouwstenen van alles wat gewicht heeft.
Keukenzout bijvoorbeeld bestaat uit positief geladen natriumatomen en negatief
geladen chlooratomen, in een verhouding 1 : 1. Veel materialen bestaat uit slechts een
soort atoom. Metalen als ijzer en goud bestaan uit grote hoeveelheden van,
respectievelijk, ijzer- en goudatomen. Een gouden ring van 5 gram bestaat uit ongeveer
1.5×1022 atomen, dat is 15.000.000.000.000.000.000.000 stuks!
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Moleculen zijn combinaties van atomen, en de specifieke verknoping van de
atomen bepaald de eigenschappen van het molecuul; een watermolecuul bijvoorbeeld
bestaat uit een zuurstof en twee waterstofatomen, met de zuurstof in het midden
verbonden aan de twee waterstofatomen aan de uiteinden. Omdat er meer dan 100
atomen bekend zijn, en moleculen uit een willekeurig aantal atomen kunnen bestaan
is het aantal mogelijke moleculen letterlijk eindeloos. De organische chemie houdt
zich bezig met moleculen die voornamelijk opgebouwd zijn uit koolstof (C) en
waterstof (H). Vaak zitten er ook zuurstof (O), stikstof (N) en zwavel (S) in.
Het maken van specifieke moleculen is de focus van de synthetische chemie.
In een reactie worden specifiek verbonden atomen opnieuw gerangschikt; vaak komen
er atomen bij, of laten er een aantal los. Een reactie vindt plaats door een stof te laten
reageren met reactanten in een bepaalde omgeving. Dit zijn meestal andere stoffen, en
vaak wordt dit in een oplosmiddel gedaan om de juiste condities te creëren.
Temperatuur, reactietijd en allerlei toevoegingen kunnen groot verschil maken voor
het uiteindelijk resultaat. Na de reactie moet het gewenste molecuul, het product,
geïsoleerd worden van de rest van het reactiemengsel, wat kan bestaan uit restanten
van het startmolecuul, het oplosmiddel, de reactant(en) en eventuele ongewenste
bijprodukten. Door de juiste condities te gebruiken kan men zo uit een bepaald
molecuul een ander molecuul zuiver in handen krijgen. Dit kan weer gebruikt worden
in een volgende reactie, en een volgende, enzovoort. De kennis die beschrijft hoe
moleculen reageren met andere moleculen is de kern van de organische chemie, en met
deze methode kan voor elk molecuul, elke rangschikking van atomen die stabiel is wel
een methode verzonnen worden om het te maken; voor ingewikkelde moleculen kan
dit proces makkelijk maanden, en soms zelfs jaren duren. Op deze manier worden
nieuwe medicijnen gemaakt zodat ze getest kunnen worden, en worden allerlei
materialen gemaakt met nuttige eigenschappen.
In de chemie worden moleculen getekend als een tweedimensionale structuur
van rechte lijntjes en atoomsymbolen. De lijntjes geven bindingen tussen atomen
weer, de atoomsymbolen staan voor specifieke atoomsoorten. Omdat koolstof en
waterstof zoveel voorkomen worden die niet getekend, dat maakt de weergave van de
structuur eenvoudiger. Daarom zit op elke hoek cq. elk uiteinde van een binding een
koolstofatoom, en koolstofatomen hebben altijd vier bindingen. Als er minder
getekend staan betekent dit dat het aantal bindingen met niet-getekende
waterstofatomen tot vier is aangevuld. Dubbele en driedubbele bindingen bestaan, en
worden weergegeven met dubbele of driedubbele streepjes. Zie voor een aantal
voorbeelden van organische moleculen Figuur 1. Hoewel moleculen meestal als
tweedimensionale combinaties van letters en streepjes getekend worden, hebben ze wel
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Figuur 1: Verschillende representaties van organische moleculen.

degelijk een driedimensionale structuur. In een tweedimensionale tekening wordt dit
soms weergegeven door de bindingen perspectief te geven. Breed uitlopende bindingen
komen het papier uit, terwijl dwars gestreepte bindingen het papier ingaan.
Een mogelijke aanpak voor de ontwikkeling van nanotechnologie gaat uit van
moleculen als onderdelen, die worden samengevoegd tot grotere gehelen om tot een
functioneel geheel te komen. Deze visie op nanotechnologie wordt moleculaire
nanotechnologie genoemd, en veel chemici houden zich bezig met experimenten die
deze vorm van technologie mogelijk moeten gaan maken. Aangezien de natuurkundige
wetten van interactie op moleculair niveau heel anders uitpakken dan op macroniveau
is het echter absoluut niet duidelijk hoe onderdelen samengevoegd dienen te worden,
of zelfs maar wat voor onderdelen er nodig zijn! Traagheid op moleculair niveau is
verwaarloosbaar ten opzichte van de krachten geassocieerd met moleculaire interactie,
en de voortdurende vibratie van atomen zorgt voor een omgeving die nooit stilstaat
maar, afhankelijk van de temperatuur, voortdurend in beweging is. Dit principe van
Brownse beweging is verantwoordelijk voor processen als diffusie, waardoor suiker in
water spontaan een homogene oplossing vormt en geuren zich verspreiden ook als de
lucht stilstaat. Aangezien deze processen echter volledig op random beweging
gebaseerd zijn, is het moeilijk de richting van beweging te controleren, een voorwaarde
voor functionerende technologie.
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In de biochemie zijn echter een aantal eiwitcomplexen bekend die
functioneren ondanks de aanwezigheid van Brownse beweging. Het eiwit myosine
zorgt ervoor dat macroscopisch arbeid in de vorm van spiercontractie kan ontstaan.
Daarnaast zorgt het op moleculair niveau voor o.a. het transport van vesicles. Het
kinesinecomplex is verantwoordelijk voor een groot deel van het transport van
celonderdelen, en het grote eiwitcomplex dat flagella genoemd wordt maakt dat
bacteriën zich actief kunnen verplaatsen. Dit toont aan dat ook op moleculair niveau
functionerende technologie kan bestaan. Door de werking van deze complexen te
bestuderen wordt duidelijk dat zulke technologie juist afhankelijk is van Brownse
beweging om te kunnen functioneren. Daarnaast is een aantal moleculaire systemen
bekend die chemische energie omzetten in de productie van arbeid, zowel op macroals op nanoschaal, en wordt al decennialang op theoretisch niveau onderzoek gedaan
naar de controle over beweging op moleculair niveau.
In 1999 is een molecuul gemaakt dat bleek als moleculaire motor te
functioneren (Figuur 2). Wanneer de stabiele vorm A een reactie met licht ondergaat
draait de bovenkant van het molecuul een kwartslag ten opzichte van de onderkant.
Deze vorm B is minder stabiel, en kan, als de temperatuur hoog genoeg is, een
spontane reactie ondergaan die het molecuul terugbrengt in de meest stabiele vorm A.
De driedimensionale structuur is nu gelijk aan de uitgangspositie, alleen is de
bovenkant van het molecuul 180º gedraaid ten opzichte van de onderkant. De
spontane reactie gaat altijd in een richting die bepaald wordt door de exacte structuur

Figuur 2: Een moleculaire motor in verschillende representaties (a) en een schematisch
overzicht van de rotatie (b).
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van de motor, en daarom wordt er gesproken van een 'unidirectional motor'; de
draairichting van de bovenkant ten opzichte van de onderkant is altijd gelijk. Een
tweede reactie met licht, en daaropvolgende spontane reactie zorgt ervoor dat het
molecuul weer terugkeert in z'n uitgangspositie. Op deze wijze kan voortdurende
rotatie plaatsvinden.
De reactie met licht is heel snel, in de orde van een miljoenste van een
miljoenste seconde, en de maximale draaisnelheid van de motor wordt daarom bepaald
door de spontane reactie, die het molecuul in de meest stabiele vorm terugbrengt. De
snelheid van deze reactie hangt af van de temperatuur. De eerste versies van deze
motor hadden soms wel jaren nodig bij kamertemperatuur om deze reactie te
voltooien, maar door veel verschillende motoren te maken en de snelheid van de
temperatuur-afhankelijke reactie te meten werd een inzicht verkregen in hoe de
draaisnelheid afhangt van de structuur. Daarnaast is in de loop der jaren aangetoond
dat zulke motoren functioneren op oppervlaktes en in vloeibaar kristallijne fases, en
dat hun functioneren voor de productie van arbeid kan zorgen. De centrale vraag in
dit proefschrift is of en onder welke voorwaarden moleculaire motoren toegepast
kunnen worden in functionerende nanotechnologische systemen. Aan de hand van het
beschrevene in hoofdstuk 1 wordt geconcludeerd dat dit in principe mogelijk moet
zijn; ook op moleculair niveau kan energie geconverteerd worden in gecontroleerde
beweging, kan arbeid verricht worden en kan arbeid ingezet worden voor het
uitoefenen van specifieke functies, ondanks de verschillen in interactie op macro- en
nanoschaal.
Wel lijkt het van belang de draaisnelheid op te voeren, zodat de draaisnelheid
meer overeenkomt met de tijdsschaal waarop de Brownse beweging plaatsvindt. De
structuren in hoofdstuk 2 zijn ontworpen met dit doel. Bij temperaturen rond de -180
ºC kan men de onstabiele vorm waarnemen. Daardoor wordt het duidelijk dat deze
moleculen zeer hoge rotatiesnelheden kunnen behalen; zelfs zulke lage temperaturen
zijn hoog genoeg om de spontane reactie te laten verlopen. Aangezien de snelheid van
deze reactie afhankelijk is van de temperatuur betekent dit dat bij kamertemperatuur
een grote hoeveelheid van dit soort reacties per seconde kan plaatsvinden. Dit is
geverifieerd met een andere experimentele methode waarmee alleen heel snelle
processen gezien kunnen worden. Zo werd duidelijk dat deze structuren bij
kamertemperatuur inderdaad een spontane reactie in de orde van 1/1000 – 1/10000
seconde vertonen. Daarmee wordt het mogelijk de draaisnelheid op een andere manier
te beschrijven: in plaats van te zeggen dat een rotatie zoveel tijd duurt, is het nu
mogelijk te zeggen dat er zoveel rotaties per seconde kunnen plaatsvinden. Daarmee
kan de maximale rotatiesnelheid aangegeven worden in Hz; de snelste motor kan op
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dit moment in principe rotatiesnelheden van 167 miljoen Hz bereiken. Daarvoor is
dan wel voldoende licht nodig.
De temperatuur-afhankelijke stap in het rotatieproces, dat over het algemeen
beperkend is voor de draaisnelheid, is vervolgens exact geanalyseerd. Door de
toevallige ontdekking van een wat uitzonderlijke motor wordt het duidelijk dat de
spontane reactie uit twee afzonderlijke stappen bestaat. In de meeste gevallen is een
van de twee stappen veel sneller dan de andere, waardoor er maar een experimenteel
zichtbaar is. Echter, met behulp van computersimulaties en experimentele technieken
wordt duidelijk dat dit twee-staps patroon voor alle motoren zou moeten gelden,
uitgezonderd een bepaalde klasse motoren met een specifieke (fluoreen) onderkant.
Kennis over dit proces kan van belang zijn voor uiteindelijke toepassing van dit soort
moleculen in functionerende eenheden, en wordt beschreven in hoofdstuk 3.
Hoofdstuk 4 beschrijft een aantal pogingen om met behulp van de snel
draaiende motoren uit hoofdstuk 2 de gemiddelde verplaatsing onder invloed van
diffusie te beïnvloeden. Het idee hierachter is dat hoge rotatiesnelheden voor extra
botsingen met oplosmiddelmoleculen zorgen, waardoor de verplaatsing van moleculen
toe zou moeten nemen onder invloed van licht. Dit blijkt echter niet te werken. De
reden hiervoor is dat hoewel de motoren in principe erg snel kunnen draaien, daarvoor
een erg grote hoeveelheid licht nodig is. Hoeveel licht precies is vervolgens
geanalyseerd, en dat blijkt meer dan gedacht. Zelfs meer dan praktisch haalbaar.
Daaruit wordt geconcludeerd dat hoewel hoge rotatiesnelheden in principe mogelijk
zijn, dit in oplossing in de praktijk erg moeilijk te bereiken is.
Ook de omgeving kan van grote invloed zijn op het draaiproces van
moleculaire motoren. In hoofdstuk 5 wordt de invloed van hoge viscositeit op het
gedrag van motoren beschreven. Viscositeit (de mate van stroperigheid) blijkt een
grote invloed op zowel de reactie met licht als de spontane reactie te hebben. Dit
wordt in verband gebracht met het verschil in volume tussen de stabiele en de
onstabiele vorm. De stabiele vorm neemt volgens berekeningen een groter volume in
dan de onstabiele vorm. Omdat de overgang van groot naar klein volume makkelijker
gaat dan de overgang van klein naar groot volume, wordt bij hoge viscositeit een
verschuiving van het evenwicht waargenomen ten gunste van de vorm met het kleinste
volume, de onstabiele vorm. In omgeving met extreem hoge viscositeit, een
zogenaamd glas, kan zo een verschuiving van het evenwicht van 80 % ten opzichte van
'normale' (oplossing) viscositeit behaald worden. Ook is dit volumeverschil
verantwoordelijk voor een vertraging van de spontane reactie in hoog visceuze
omgevingen, doordat dit proces gepaard gaat met een volumevergroting. Hoewel het
niet duidelijk is of de volumevergroting tijdens de overgang van onstabiel naar stabiel
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gepaard gaat met het uitoefenen van arbeid op de visceuze omgeving kan uit deze
experimenten wel een uitdrukking voor het maximale vermogen van deze motor
afgeleid worden. Dit moet gezien worden als een fundamentele grenswaarde voor het
vermogen van de motor; meer dan dit vermogen kan deze specifieke motor niet
leveren. Of dit ook daadwerkelijk als een uitoefening van arbeid kan worden gezien
moeten andere experimenten aantonen, omdat er nog erg veel onduidelijkheid is over
interactie, oorzaak en gevolg op moleculair niveau.
In hoofdstuk 6 worden moleculaire motoren rug aan rug aan elkaar
gekoppeld, zodat een structuur ontstaat met twee roterende wielen aan een centraal
rigide middenstuk. Twee soorten ontstaan dan: een waarvan de wielen in tegenover
gestelde richting draaien, en een waarvan de wielen in dezelfde richting draaien. Het
idee is dat die laatste zich zou kunnen voortbewegen over een oppervlak (Figuur 3).
Dit zou dan in een min of meer rechte lijn moeten gebeuren. Op termijn zou het
mogelijk kunnen zijn om met een molecuul dat zich in een rechte lijn beweegt andere
deeltjes / moleculen te verplaatsen. Dit zou een goede eerste stap zijn naar kunstmatige
functionaliteit op moleculair niveau. Helaas is het werk in dit hoofdstuk onvoltooid;
hoewel structuren met het gewenste patroon gemaakt zijn, er is bewezen dat deze nog
functioneren als motoren, en er ook consequent beweging wordt waargenomen, zijn
de resultaten nog niet volledig, en moeten definitieve conclusies dus wachten op de
uitkomst van verdere experimenten.

Figuur 3: Twee rug-aan-rug gekoppelde motoren (a) en de manier waarop die zich zouden
kunnen voortbewegen over een oppervlak (b).
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Dankwoord
Na vier jaar spelen in het lab en een half jaartje toetsenbord komt nu het
moeilijke gedeelte: het dankwoord. Teveel mensen die hebben bijgedragen, op wat
voor manier dan ook, en aan mij de taak niemand te vergeten; een zware
verantwoordelijkheid. Maar ook een leuke: met veel plezier heb ik mij de afgelopen
jaren door de Groningse laboratoria bewogen, en het valt mij nog steeds moeilijk te
begrijpen hoe zo’n hoog niveau van wetenschap met zo’n losse sfeer gepaard kan gaan.
In verschillende wetenschapsgebieden met wereldwijd loodzware concurrentie spelen
we steevast in de top mee, maar als er een bierestafette gewonnen moet worden draaien
we ook daar onze hand niet voor om. Waar in vele professionele omgevingen uitjes
met het werk als een verplichting worden gezien, is het hier veeleer andersom; het
werk ís het uitje.
Ongetwijfeld draagt de grootte van de groep en de wel zeer internationale
omgeving hier sterk aan bij. Maar de sfeer in een groep wordt grotendeels bepaald
door de houding van haar bazen, en daarom denk ik dat Ben hier voor een groot deel
verantwoordelijk voor is. Ben, ik ben je zeer dankbaar dat ik, na lang aarzelen, toch de
kans kon nemen om voor die promotie in jouw lab te gaan. In de wandelgangen hoor
ik vaak van collega’s van elders hoe bijzonder deze groep is, en hoewel vergelijkingsmateriaal mij ontbreekt geloof ik dat toch volkomen. Een onderwerp waarin alles open
ligt, de grote mate van vrijheid om mij daarin te bewegen naar mij goeddunkt, en de
kans om elders puntjes op de i te zetten wanneer het hier niet lijkt te lukken, dat alles
heeft mij de afgelopen jaren bijzonder veel voldoening gegeven, alsmede enige stress op
z’n tijd. Ook Wesley, verlaat nog gebombardeerd tot copromotor, ben ik veel dank
verschuldigd. Ware dit niet gebeurd had ik je ook op deze plek genoemd, want de
hulp die ik van jou heb mogen ontvangen met betrekking tot vorm en inhoud van
wetenschappelijk schrijven had ik nergens anders kunnen krijgen, en heeft mij doen
inzien dat bombastisch taalgebruik en lange zinnen zoals zo vaak reeds door jou
gecorrigeerd misschien niet door iedereen gewaardeerd worden zoals ikzelf dat op prijs
stel. In wetenschappelijk schrijven herken ik het nu tenminste, en matig mij wat.
Ook tegenover de leden van de leescommissie, prof. Engberts, prof. Brouwer
en dr. Pryce, zou ik graag mijn dank uiten. Mijn iets verlaatte manuscript is gelukkig
toch nog bijzonder grondig doorgespit, en dat heeft zeker veel bijgedragen aan de
uiteindelijke kwaliteit.
En dan is daar mijn lab. Plofkamer, Dark Room, Motorhome, Boom Room,
hoeveel namen we in de loop der jaren niet hebben gehad en weer genegeerd, ik weet
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het niet. Wel weet ik dat het een prettig lab was om in te werken, met de vele
muzieksoorten variërend van klassiek tot Thaise weet-ik-niet, van de verschrikkingen
van raggaeton tot vrolijke gothic, en vergeet de techno, gabber en radiozenders met
foute muziek en slap geouwehoer niet. Dirk, Erik, Jort, Guiseppe, Nop(porn), Thom,
Martin, Philana en sinds kort Jurica, een zeer verschillende club mensen met wie ik
het allen goed kan vinden, en die mijn dagelijkse werkomgeving tot een prettig en
productief geheel wisten te smeden. Mijn dank daarvoor.
Iedereen in de motorsubgroep, inmiddels omgedoopt tot core motors, ben ik
dank verschuldigd voor de bijdragen aan mijn werk. Ook een klein excuus is
misschien op zijn plaats, aangezien ik vrees toch meermalen met iets te uitgebreide
analyses van theoretische principes ben gekomen, waarbij in geen velden of wegen een
molecuul te bekennen was. Toch denk ik dat juist de verschillen in houding van
mensen debet zijn aan de grote output die we in de loop der jaren hebben bereikt.
Ieder zijn eigen ding, en met zijn allen maakt dat een sterk overzicht.
Mijn leven als onderzoeker is zeker veel makkelijker gemaakt door een aantal
leden van de vaste staf. Pieter van de NMR, en Theodora van de HPLC, ik heb jullie
beiden veel lastig gevallen met vaak dezelfde vragen in een ander jasje, en toch was
daar altijd weer het geduld mij uit de brand te helpen. Fantastisch! Ook Albert, van
wie ik erg veel massa’s heb mogen ontvangen waarvan uiteindelijk maar een heel klein
deel in mijn proefschrift terecht is gekomen hoor ik hier te bedanken, want de
hoeveelheid werk die hij mij hiermee uit handen heeft genomen is groot. En hoewel de
hoeveelheid werk misschien minder was, is Lorina op een cruciaal moment, toen de
problemen rond het doen van massaspectrometrie op hun hoogst waren, tijdig
bijgesprongen, met exact die resultaten die ik wou zien. Verder wil ik Hans bedanken;
op ietwat onbeleefde wijze heb ik het gebruik van je weegschaal afgedwongen, zonder
welke mijn boekje een stuk dunner zou zijn geweest. Maar vanaf dat moment was
‘even wegen’ altijd een moment voor een praatje en een rustmoment. Verder zou ik
graag Evert willen danken voor de constructie van een goed bruikbare koudetemperatuurcel, alsmede voor het boren van oneindig veel gaatjes in oneindig veel
cuvetdopjes, omdat die nu eenmaal altijd op raadselachtige wijze verdwijnen. Het lab
moet inmiddels vol liggen met die dingen, toch vind ik ze nooit. Tenslotte mijn dank
aan Auke, voor het doen van kristallografie, en het checken van de vele net niet
geschikte kristallen.
Bijzonder veel plezier heb ik beleefd aan het organiseren van de werkweek,
editie Berlijn. Dirk en Toon, een goed team waren we zeker, en een succes was het!
Ook mijn ervaringen als filmmaker, veel met Tim en Bea en daarnaast met vele
anderen, hebben me een hoop plezier gedaan; ondanks de volstrekt andere aanpak
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denk ik toch dat we goed geslaagd zijn. Ik hoop dat jullie, mocht je toch nog genoeg
materiaal voor een filmpje vinden, een beetje rekening houden met de clementie die ik
liet zien ten opzichte van de collega's voor wie een filmpje gemaakt werd… Further I
would like to thank Mike Pollard, for his everlasting enthusiasm and great help on the
intricacies of scientific planning.
Outside the lab I owe gratitude to many people as well. I would like to thank
ms. Janet A. Welsh, prof. S. B. Duckett and prof. R. N. Perutz for the opportunity to
spend a week in their lab in York for NMR-experiments at low temperature. Although
the results were not as clear as we had hoped for, they certainly told us what we
wanted to know, and as such they have found their place in chapter 2. I enjoyed the
work there, and I love the city of York. Secondly, I feel indebted to dr. Mary Pryce
and ms. Nicola Boyle from Dublin City University. The transient absorption
experiments we performed were exactly what was needed to obtain good proof for
MHz rotation of molecular motors, but even if these results would not have come out
I would have enjoyed my stay there. The resulting paper was a nice bonus!
In Utrecht, I would like to thank dr. Rainer Wechselberger from the Utrecht
NMR facility for the time spent on setting up well-defined diffusion experiments on
molecular motors, and making clear to me the theoretical background of (diffusion)
NMR. Although I should have learnt and understood NMR-theory years ago, this
week of intense NMR experimentation for the first time really made clear what goes
on in a probe. In the same department, I would like to thank Michiel Hilbers for
helping me with the daily use of the machines; the operating principles of Varian and
Bruker seem very different at first, and unfortunately for you it wasn't until the last
day that I could lock, shim and tune without errors.
In our building I have enjoyed the cooperation with several people in the
course of my research. In the Ultrafast Laser and Spectroscopy department, I first
would like to mention Victor Krasnikov, for his help with diffusion experiments on
fluorophore-labelled molecular motors. Further Paul van Loosdrecht and Ramunas
Augulis, for a well-functioning collaboration on molecular motors. Ramunas, my
understanding of energy levels and ultrafast laser systems I owe completely to you!
Then of course Maxim Pshenichnikov and Filippo Lusitani; projects never finish
according to plan, and this one is no different. But observing molecular translational
motion in real time has been very exciting to me, and I hope we will be able to figure
out exactly what is happening on these mica slides!
In the Molecular Dynamics department, Alex de Vries has been of great value
in increasing my understanding of physical models. Over the years we had several
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discussions that never lead to real experimenting, except for that last time. Both you
and me were interested in controlling molecular translational motion, and a series of
valuable experiments on molecular swimming was the result. Too bad we did not get
to publishing (yet)! Finally I would like to express my gratitude to prof. Janssen, for
his dedication to my belief that an expression for the power output of a molecular
motor should be hidden in a set of experimental data. Over the course of about one
and a half years he has spent many hours in helping me setting up an expression that
would allow to free these data in all their glory. That work may well be the first
example of macroscopic hydrodynamic theory being applied to a molecular
environment. Uncertainty about the validity remains but in the end a limiting value
did come out based on a well-defined theoretical framework, something that would
not have been possible otherwise.
During my period as PhD, I have enjoyed the social company of many in the
lab, and from those, many became friends outside the lab as well. Friday borrels, poker
nights, skiing, skydiving, wadlopen, long nights out and the visits to concerts and
festivals: life is there to be enjoyed, and I am sure we know how to do that!
Om terug te gaan naar het Nederlands; graag zou ik mijn vader en moeder
bedanken voor hun steun door de jaren heen. Daarnaast ook nog mijn vader, zoals
beloofd, voor de hulp met wiskunde wanneer dat nodig was. Marjolein, Dorien en
Erwin: ik heb mij wel erg ver in het Noorden teruggetrokken, maar toch heb ik niet
het gevoel dat dat onze familieband al te sterk beïnvloedt heeft. De gezamenlijke
avonden, hoe zeldzaam die tegenwoordig ook zijn, blijven voor mij mooie
gelegenheden. Ook mijn zwagers, Erik en László, dien ik daarvoor op deze plek te
bedanken. Nog minder zie ik mijn goede vrienden uit het zuiden des lands; Joost,
Diana, Boy, Anouk, Pepijn, Jorrit, Jessica, Jasper, Maartje, Wouter, Laura, Victor,
Soazig, Rosa en Martijn: ondanks onze spreiding over Nederland, en de rest van de
wereld, blijven de contacten goed; laten we dat zo houden! En tenslotte zou ik ook
graag Diana bedanken, voor liefde, geduld en begrip.

Martin Klok
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