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Introduction

1.1 Molecular machines

Living organisms employ a host of complex molecular machinery capable of functioning
within the thermal noise of the microscopic world.1,2 These biomolecular devices enable
cells to maintain a staggering level of organization. Molecular machines provide a number of
functions such as movement, directing cell mitosis, and the transportation of cargo. Bacteria,
for example, use flagellar motors, composed of numerous proteins, as a means of propul-
sion. In eukaryotic cells myosin, kinesin, and dynein form the major motor-protein families.
Myosin and actin fibrils form the basis of muscular movement, kinesin travels along micro-
tubules and is responsible for the transport of cargo from the centre of the cell to its periphery,
whereas dynein transports cargo in the opposite direction.

Inspired by these biomolecular machines, synthetic chemists have developed a multitude
of synthetic machines which mimic the function of their biological counterparts.3 Artificial
DNA-based and small-molecule walkers have been synthesized that are able to walk over
a track with directional bias.4,5 Molecular switches have been “daisy chained” which re-
sults in the ability of the system to contract and extend much like myofibrils in muscles.6

Furthermore, a synthetic molecular machine mimicking the function of ribosome has been
designed.7 Inspired by systems such as ATPase found in eukaryotic cells,8 a large number of
synthetic uni-directional molecular motors have been designed and incorporated into larger
constructs.9–15

As yet, synthetic molecular machines have been confined mostly to the synthetic
chemist’s flasks and spectroscopist’s sample cells. However, researchers are developing
more and more proof-of-concept systems, in which artificial molecular machines are per-
forming functional tasks or are incorporated into functional materials.16–19 It is predicted that
the future development of molecular devices will branch into two different directions:3,20

the contruction of artificial molecular machines capable of manipulating matter at the
nanoscale,5,7,21,22and composite systems of artificial molecular machines capable of produc-
ing work at the macroscopic scale.23–28

The above examples testify to the great interest in the generation and control of motion
on the molecular scale.21,29–45 A large number of synthetic devices are designed such that
the inter-component motion proceeds through changes in covalent bonds. Another class of
artificial molecular machines exists where the operation mechanism involves changes in non-
covalent interactions between the components. This thesis focuses on the delicate interplay
between the inter-component interactions and the operation of these artificial supramolecular
machines.

1.2 Nanomechanics

Many molecular devices are supramolecular constructs in which two or more components
interact through non-covalent forces. Synthetic chemists exploit a variety of non-covalent
interactions in the construction and design of such supramolecular constructs. These include
electrostatic attraction between dipoles46 or ions47 (or ion-dipole48), metal coordination,49

π-stacking,17,50 hydrophobic interactions,37,51 and hydrogen bonding.31,42,52–54 All of these
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interactions have one aspect in common: they are weak enough to be broken and reformed dy-
namically under ambient conditions, but strong enough to provide robust, well-defined points
of interaction between the components. To be of practical use, molecular machines need to be
addressable by external stimuli.20 A variety of switches have therefore been designed to trig-
ger the operation of molecular-scale machines. The purpose of a switch is to induce a change
in the inter-component interactions and thereby cause a conformational change in the molec-
ular machine. Switches have been designed that make use of acid-base reactions,29,32,55,56

E/Z isomerization around a C=C or N=N double bond,33,52,57,58 metal binding,35,36 (pho-
tochemical) redox reactions,30,31,34,59 steric blockades,38,41 and signalling cascades.60 Once
the switch has been triggered, the molecular device changes conformation via some particular
operation mechanism.

A detailed understanding of the operation mechanism of a molecular machine is essential
for optimizing its performance. Although molecular machines often share a qualitative
similarity with their macroscopic counterparts, many concepts relevant to macroscopic
motion lose significance at the molecular length and time scales.61–67 Molecular machines
are molecules, and the rules of play for operating on the molecular length and time scale
need to be learned and understood if we are to construct more complex and functional
machines.3,20,68 In the following we will discuss several concepts that have a very different
meaning on the nanoscale.

Driving force. Due to their size, all molecular machines are subject to random fluctuations
of the solvent. Molecular machines are designed to harness Brownian motion as a means
of propulsion. This in stark contrast to macroscopic machinery, which produces work by
transmitting an input force (produced by the consumption of fuel or via an external input) and
where Brownian motion plays no role.68 In the case of molecular machines, consumption of
fuel does not produce work, but rather a means of creating an asymmetric free-energy surface
which leads to directional motion. The nondirectional thermal motion of the surroundings is
used to move components of the molecular device across this surface. The rectification of
this thermal noise generally requires the specificity of a (photo)chemical reaction. In this
thesis, we investigate the free-energy landscape of a light-triggered molecular shuttle and
show how thermal noise results in the uncertainty of its operation (chapter 4).

Friction. The concepts of viscous friction and lubrication lose meaning at the molecular
scale, but one might wonder if is possible to “lubricate” molecular machines. Lubrication of
macroscopic machinery involves the reduction of friction by applying a lubricant (grease)
between the moving parts, resulting in smoother operation of the device. However, when
approaching the molecular scale, a several-monolayer thick film of liquid ceases to be fluid-
like and loses its function as a lubricant.69 In the case of molecular machines the nature and
modus operandi of a “lubricant” will therefore differ fundamentally from that of macroscopic
lubricant. Two examples of “molecular lubrication” observed in synthetic systems include
the rotation of a quinoline-based unidirectional molecular motor which can be accelerated
with “proton grease”,70 and the de-threading rate of a Cucurbituril-based pseudo-rotaxane
which can be accelerated with so-called “supramolecular lubricant”.71 In both cases, it is
postulated that the “lubricant” lowers the free-energy barrier of the transition state, resulting
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in the accelerated motion of the molecular device. In this thesis we investigate what lu-
bricates hydrogen-bonded molecular machines, and the nature of such lubrication (chapter 5).

Quantum effects. At the molecular level, quantum-mechanical effects may start to play
a significant role. An example of quantum-mechanical effects, observable in molecular
systems, are isotope effects.72 These effects arise when one or more atoms, directly involved
in a chemical reaction, are isotopically substituted. Such substitution often leads to a change
in the rates of reactions and physical processes. The most pronounced effects are seen when
a hydrogen is substituted by a deuterium atom, which is twice as heavy. As a consequence,
the reduced mass of vibrational modes that involve the substituted hydrogen atom change
significantly. The resulting H/D isotope effects are well-known in water,73–81 where hydro-
gen bonding determines to a major extent, its behavior. Hydrogen-bonded biological systems
also exhibit isotope effects: the formation of double-helix DNA is thermodynamically more
stable in D2O than in H2O.82 Up til now, quantum isotope effects have not been investigated
in the operation of molecular machines. In this thesis we show that H/D isotopic substitution
can have a dramatic influence on the operation rate of synthetic molecular devices where the
breaking of hydrogen-bonds forms the basis of their functioning (chapter 6).

Structural changes. Knowledge about the structure of an operating machine (molecular or
otherwise) is key to understanding how it works. This is especially true if the exact position
of the components with respect to each other is important. As artificial molecular machines
grow increasingly complex, detailed structural knowledge on their components and on how
the relative orientation and location of these components changes during operation becomes
very important.20 Nuclear magnetic resonance (NMR) and x-ray diffraction spectroscopy are
typically the methods of choice when detailed structural information is required. However,
both these methods have restrictions which limit their usefulness in observing the motion
of molecular machines. As discussed in more detail below, we use a technique which is
capable of providing structural information of molecules that rapidly convert from one
conformation to another. In this thesis we characterize spectroscopic probes that allow us to
separately monitor the behavior of the components of a molecular shuttle during its operation
(chapter 3). Furthermore, we follow the conformational evolution from the “off” to the “on”
state of a molecular shuttle and determine the spatial structure of the shuttle in both these
states (chapter 8).

Wear & tear. In the case of macroscopic machinery, a damaged component does not nec-
essarily result in the complete failure of the system. Concerning molecular machines, “dam-
age” typically consists of a broken chemical bond or a structural change resulting from an
unwanted chemical reaction (induced by the triggering of the machine, for example). In ei-
ther case, the machine is almost always “broken”. We have not systematically investigated
the robustness of our systems. However, photodegradation of the molecular shuttle caused
by repeated triggering has played a significant role in the complexity of the experiments dis-
cussed in this thesis and therefore deserves mentioning. This thesis contains an appendix
that treats in greater detail the more practical issues of performing the described experiments.
Specifically, the appendix provides information on how to prevent, or at least reduce, the
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undesired destruction of the molecular machines investigated in this thesis.

1.3 How do we observe molecular machines?

Synthetic molecular machines are typically much smaller than their biological counterparts
(the size of one molecule, rather than a complex of several globular proteins), and their size
easily falls below the diffraction limit of any optical microscope. Since we cannot use imag-
ing as a technique to study most molecular machines, we need to resort to different tech-
niques. Spectroscopic techniques that have been used previously to investigate molecular
machines include atomic-force microscopy,83 X-ray reflectometry,84 circular dichroism,10

steady-state absorption spectroscopy,36,85–88 cyclic voltammetry,39,85,89 and NMR.52 Molec-
ular motions typically occur on a picosecond time scale.90 Most of the aforementioned spec-
troscopic methods are generally sensitive to conformational structure, but lack the time res-
olution to observe a fast evolution from one conformation to another (which is necessary to
observe molecular devices in operation). Determination of the conformation of the device
with a corresponding time resolution is essential for the understanding of nanomechanics. In
this thesis we used time-resolved vibrational spectroscopy to study the motion of molecular
devices: we observe invisible machines with invisible light.

1.3.1 Vibrations

A molecular vibration is the oscillating motion of two or more constituent atoms with respect
to one another. Vibrational modes are often localized to a specific functional group91 and can
therefore serve as local structural probes. In this thesis we use localized vibrations to observe
different parts of the molecular machine separately from the rest. In the investigations pre-
sented here, we look predominantly at a frequency range of 1700-1600 cm–1 which encom-
passes the CO-stretch vibration of the amide and imide functional groups. The CO-stretch
vibration of these groups is sensitive to their local environment, notably to solvent interac-
tions and hydrogen bonding. In the following subsections, we explain how time-resolved
vibrational spectroscopy can be used to follow the conformational changes of a molecular
machine during its operation cycle.

1.3.2 Time-resolved vibrational spectroscopy

The elementary motions of artificial molecular machines can occur on a picosecond92 to
nanosecond30 timescale. Time-resolved vibrational spectroscopy is capable of observing
physical processes on the picosecond timescale.77,93–103 Coupled with a high structural sen-
sitivity, time-resolved infrared spectroscopy is an ideal tool with which to study motion on
the molecular scale.

The type of time-resolved spectroscopy performed in this thesis is known as pump-probe
spectroscopy. In such experiments, a pump pulse is used to introduce a perturbation into the
system of interest, which can be a change in temperature,104,105 an electronic,106 or vibra-
tional excitation.107 The pump pulse is followed by a delayed probe pulse, which records the
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response of the sample. In our case, we use mid-infrared (mid-IR) radiation as a probe pulse.
The spectrum of the mid-IR pulse spans the desired frequency range. The repetition rate of
the pump pulses is lower than that of the probe pulses allowing us to record the pumped (Ap)
and un-pumped (Au) absorption of the sample. The difference absorption spectrum (∆A) is
generated by subtracting the pumped from the un-pumped absorption:

∆A(ω) = Ap(ω)−Au(ω) , (1.1)

where ω denotes the frequency dependence of the absorption spectrum. From the above
equation, it is clear that a difference absorption spectrum generally contains both negative
and positive peaks: the former are associated with the un-pumped state, the latter with the
pumped state of the molecule. If a vibrational mode changes in frequency (or disappears
entirely) as a result of the pump pulse, less light is absorbed at the original frequency of this
mode compared to the un-pumped sample. Conversely, if a vibrational mode appears, more
light is absorbed at the new frequency of the mode. Therefore, in the difference absorption
spectrum a negative absorption change is observed at the original frequency, and a positive
absorption change is observed at the new frequency. The following subsections discuss how
the different physical phenomena encountered in molecular machines can be investigated
with vibrational pump-probe spectroscopy.

Ultraviolet / visible excitation

The absorption of a resonant UV or visible photon by a molecule generally causes an elec-
tronic transition. The excitation results in a change in the electronic wavefunction of the
system. The vibrational potential, and therefore the frequency of a vibrational mode is deter-
mined by the electronic configuration. Therefore, by monitoring the vibrational frequencies,
the excitation of the molecule can be followed with infrared spectroscopy.

In Fig. 1.1 this is illustrated schematically for a molecular system involving a UV/Vis
excitable chromophore which contains a CO group. The electronic reconfiguration caused by
the excitation affects the frequency of the stretching mode of the CO group (see Fig. 1.1a). In
a pump-probe experiment, a UV-pump pulse excites the chromophore from the ground state
(S0) to an excited state (S∗). The corresponding level diagram is shown in Fig. 1.1b. The
schematic representation of the vibrational potentials of the CO group in the electronic ground
(black, S0) and excited state (orange, S∗) are shown in Fig. 1.1b. An electronic transition
generally causes a system to end up in a higher vibrational level of S∗ which has the largest
overlap with the vibrational ground state of S0.108 The excess vibrational energy is quickly
lost as the system relaxes to the vibrational ground state ν = 0 of the electronic excited state
S∗. At room temperature and after vibrational cooling, only the ν = 0 state is populated,
regardless the electronic state of the system. As the probe pulse passes through the sample,
the frequencies which are resonant with a ν = 0 → 1 transition are absorbed (red arrows
Fig. 1.1b). The ν = 0 → 1 transition in the electronic ground and excited state occurs at
frequencies ωg and ωe, respectively, with ωg > ωe. The corresponding absorption spectra
associated with the ground and excited state ν = 0 → 1 transition are shown in Fig. 1.1c.
Typically, only a fraction of the molecules are excited in a pump-probe experiment. However,
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Figure 1.1: a: Schematic representation of UV/Vis excitation of a chromophore containing a CO
group. b: Level diagram (energy E versus the inter-atomic C=O distance r) of a molecular system
in which the excitation of a chromophore results in a frequency shift of a CO group (see b). The
ground (S0) and electronic excited-state (S∗) vibrational potentials of the CO group are shown in
black and orange, respectively. The blue and red arrows indicate UV/Vis and infrared transitions,
respectively. The remainder of the symbols are explained in the text. c: Associated linear absorption
spectra of the initial (left) and final (right) state of the excitation. ωg and ωe are the frequencies
of the infrared absorptions associated with the ground and excited state, respectively. d: Difference
absorption spectrum generated by subtracting the ground-state spectrum from that of the excited state
(see equation 1.1).

the contribution of the molecules that are not excited and remain in the electronic ground state
is removed from the difference absorption spectrum (Fig. 1.1d): any absorption that does not
change upon excitation will cancel when the un-pumped spectrum is subtracted from the
pumped spectrum. The negative absorption change, or bleaching, is caused by the depletion
of ground state because less molecules absorb at ωe in the presence than in the absence of
the pump. The positive absorption change, or induced absorption, is observed because of the
creation of the excited-state species.

By recording the response of the sample at different delays after excitation, the dynamics
of the system can be monitored. In the simplest case, relaxation from the excited state back to
the ground state is observed. However, in the case of one of the molecular devices investigated
in this thesis, the electronic excitation triggers the operation cycle. The progression between
the conformational states of the device can be followed when increasing the delay between
the pump and probe pulses.
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Hydrogen bonding

As mentioned above, vibrational modes are sensitive to their local environment.109–111 The
artificial molecular machines investigated in this thesis have components which hydrogen-
bond through amide groups. The resonant frequency and lineshape of absorptions associated
with amide CO groups are strongly affected by hydrogen bonding.112 Therefore, amide I
modes are excellent probes of the conformation of the molecular machine.88

Figure 1.2a shows a schematic representation of the system containing amide groups.
In the initial state of the system, the dark-red CO group is not subject to hydrogen-bonding
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Figure 1.2: a: Schematic representation of a pump-pulse induced reaction where a previously iso-
lated CO group ends up hydrogen bonded. b: Associated linear absorption spectra of the initial
(bottom) and final (top) state. ωfree and ωHB are the frequencies of the infrared absorptions asso-
ciated with the initial and final state, respectively. c: Difference absorption spectrum generated by
subtracting the initial state spectrum from that of the final state (see equation 1.1).

interactions and absorbs at frequency ωfree. A pump pulse induces a conformational change
in the system leading to the creation of a hydrogen bond between the CO group and an
NH group. The frequency of an amide I vibration decreases and the width increases upon
hydrogen bonding (Fig. 1.2b).112,113 The change in absorption (∆A, Fig. 1.2b) spectrum is
generated using equation 1.1.

1.3.3 Two-dimensional infrared spectroscopy

In the previous subsections, we have explained how transient infrared spectroscopy can be
used to track a rapidly evolving species.106,114 However, the technique is only able to follow
changes in the frequency, lineshape, and intensity of vibrational absorptions. If we are to
fully understand the way a molecular machine works, it is essential to obtain unambiguous
information on the structure and relative positions its components.

Two-dimensional infrared (2DIR) spectroscopy is a powerful technique able to observe
the spatial proximity of localized vibrational modes.115 The 2DIR experiments performed in
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Figure 1.3: a: Two coupled CO groups, where modes i and j are the stretching vibrations. b: Level
diagram of the coupled oscillators i and j with
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. The energy of states |10〉 and |01〉 are E|10〉
and E|01〉, respectively. c: Calculated steady-state absorption spectrum of the two-oscillator system.
Mode i absorbs at a higher frequency than mode j. d: Calculated 2DIR spectrum of the coupled
vibrational modes. Negative signals are indicated in blue and positive signals are indicated in red.
The contour lines indicate points in the spectrum with the same intensity. The labels of the difference
absorptions correspond to the labeled transitions in b. The probe frequency axis shows increasing
frequency from left to right, the pump frequency axis shows increasing frequency from bottom to
top. The solid diagonal line indicates the values where the pump equal the probe frequencies. The
dashed lines indicate the frequency of the maximum absorption of mode i and j.

this thesis are double-resonance experiments. A two-dimensional infrared spectrum is taken
by scanning the central frequency of a spectrally narrow IR-pump pulse across a chosen fre-
quency range. A broad-band IR-probe pulse records the change in absorption induced by the
IR pump over the entire spectral window of interest. 2DIR spectroscopy reveals the predomi-
nantly dipolar through-space interactions between coupled vibrational modes.116 Vibrational
coupling depends strongly on the distance and relative orientation of the coupled modes. The
2DIR spectrum therefore gives direct structural information about the system.

Like the (one-dimensional) pump-probe experiments discussed in the previous subsec-
tions, 2DIR spectroscopy is a difference absorption technique. A 2DIR spectrum is also
constructed by subtracting the un-pumped spectrum from the pumped spectrum of the sys-
tem (eqn. 1.1). Here, the pump perturbation results in the vibrational excitation of one of the
modes in the molecular system. A schematic representation of two CO groups in close spa-
tial proximity is shown in Fig. 1.3a, where modes i and j are the associated vibrations. The
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vibrational energy-level diagram of the system is shown in Fig. 1.3b. The levels represent
those of a vibrational potential, with the vibrational state of the system νi = ni and ν j = n j

denoted as
∣

∣ni n j

〉

. The steady-state absorption spectrum is shown in Fig. 1.3c. When a mode
is resonantly excited (mode i in Fig 1.3b) with a spectrally narrow mid-IR pump pulse (green
arrow), a fraction of the molecules in the sample is promoted to the |10〉 state. The probe
pulse causes the following transitions when it interacts with the sample: less molecules are
available to absorb light at the frequency of the |00〉 → |10〉 transition because the |00〉 state
is depleted by the pump. We therefore observe a negative ∆A signal, 1 in the 2DIR spec-
trum (Fig. 1.3d) at the pump frequency ωi. Since the |10〉 state is significantly populated,
the |10〉 → |20〉 transition occurs, and the positive ∆A signal 1’ is observed. The |10〉 → |20〉
transition has a lower frequency (ωi − ∆i where ∆i is the anharmonic shift caused by the
anharmonicity of the vibrational potential, see Fig. 1.1b) than the |00〉→ |10〉 transition. An-
other process is stimulated emission (|10〉 → |00〉), which also contributes towards 1. The
1/1’ couplet is known as a diagonal absorption change. When the two vibrational modes i

and j are coupled, vibrational excitation of one of the modes effectively causes a change in
the frequency of the other. Therefore, the frequency of the state in which both modes are
in the ν = 1 state (|11〉), is lower compared to the total energy of the separate transitions
(E|10〉+E|01〉). The probe pulse causes the |00〉 → |01〉 transition, observed in the 2DIR spec-
trum at 2. This is a negative feature because the common ground state |00〉 is bleached by
the pump. Since the |10〉 level is populated, the |10〉 → |11〉 transition is visible, producing
the positive signal at 2’. The 2/2’ couplet is known as a cross peak (or off-diagonal absorp-
tion change). If the two modes i and j would not be coupled, then 2’ would occur at the
same frequency as 2. Both absorption changes would cancel and no cross peaks would be
observed. The intensity of a cross peak is a direct measure of the coupling strength,116 and
its dependence on the relative polarizations of the the IR pulses is determined by the angle
between the transition-dipole moments of the coupled modes.116 The transitions 3/3’ and 4/4’

are analogous to 1/1’ and 2/2’, respectively, when mode j is pumped. 2DIR spectroscopy is
discussed in more detail in chapters 7 and 8.

1.4 Outline of the thesis

This thesis describes experimental research of the mechanics of synthetic molecular ma-
chines. In the previous sections, we have introduced the topic of molecular-scale motion as
well as the techniques with which we can observe and investigate them. Chapter 2 describes
in detail the experimental techniques we used to study the operation of molecular machines.
In chapter 3 we introduce a hydrogen-bonded molecular shuttle, the principal system used in
our investigations. We continue with a thorough description of the infrared spectrum and a
singular-value decomposition of the time-resolved measurements on the device. The in-depth
characterization of the shuttle provides the foundation upon which we build our investigations
of nanomechanics. Chapter 4 describes the mechanism by which the molecular shuttle, de-
scribed in chapter 3, operates. We investigate the concept of nanoscopic friction in chapter 5.
Chapter 6 explores quantum effects in the operation of molecular devices. In chapter 7 we
show that two-dimensional infrared spectroscopy distinguishes between rapidly exchanging
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conformers of a supramolecular system, a rhodium-based catalyst. Furthermore, we obtain
structural information on both conformations in catalytic relevant conditions. This paves the
road for the last chapter, in which we use 2DIR spectroscopy to determine the relative posi-
tion of the components of the molecular shuttle during its operation. We were able to provide
structural parameters of the initial and switched state of the device which was previously not
possible. To this purpose, we use a powerful new method capable of unraveling congested
two-dimensional infrared spectra.
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