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Chapter 1. Molecular Switching on Surfaces

Abstract

Molecular switching has established itself as a key functionality of building blocks
developed for addressable materials and surfaces over the last two decades. Many
challenges in this direction have been presented by the wide variation in interfaces
involved, ranging from truly single-molecule devices to two-dimensional self-assembled
monolayers and thin films that bridge the gap between surface and macroscopically
bulk materials (polymers, MOFs, COFs), and further still to other interfaces (solid-
liquid, liquid-air, etc.). The low number density of molecules on monolayer-coated
interfaces as well as in thin films, however, presents substantial challenges in the
characterisation of the composition of modified interfaces. The switching of molecular
structure with external stimuli such as light and electrode potential adds a further layer
of complexity in the characterisation of function. Such characterisation "in action" is
necessary to correlate macroscopic phenomena with changes in molecular structure.
In this chapter, key classes of molecular switches that have been applied frequently to
interfaces will be discussed in the context of the techniques and approaches used for
their emphoperando characterisation. In particular, we will address issues surrounding
the non-innocence of otherwise information-rich techniques and show how model –
non-switching – compounds are often helpful in confirming and understanding the
limitations and quirks of specific techniques.

1.1. Introduction

The field of molecular switches and motors on surfaces and in interfaces is extensive,
especially when including such “in-between” systems as metal-organic frameworks
(MOFs) and nanoparticles. In this chapter, we will discuss the various techniques used
for characterisation of molecular switching and rotation on surfaces, with a particular
focus on the details and quirks of each experimental method. For this purpose, we
make a selection from published work on different types of surfaces and are therefore
consciously limiting the scope regarding the vast body of work describing modified
surfaces. For further reading, we refer to the reviews mentioned throughout this chapter
that cover particular areas. We will only touch briefly on the use of scanning tunneling
microscopy (STM) and spectroscopy (STS) in this field, as a focused review has been
published recently.1 Unsurprisingly, given that surface-confined switching and rotation
has clear potential applications, quite a number of reviews in the areas of molecular-
scale electronics2 and control of motion at the nanoscale3 have been published recently.
Furthermore, supramolecular systems were the subject of a recent review by Tian et
al.,4 and photo-responsive porous materials, e.g., metal-organic frameworks, covalent
organic frameworks, and porous aromatic frameworks by Danowski et al.5

Section 1.1 gives a brief introduction to molecular switching and the classes of
molecular switches, the various classes of techniques used in this area of research, and
the types of surfaces that have been studied primarily. In Section 1.2, we espouse the ad-
vantages and drawbacks with the use of various techniques, in particular regarding their
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1.1.1. Molecular Switching

use in characterisation of molecular switching on surfaces, and common challenges
faced when performing these experiments. Section 1.3 is divided up into sub-sections
according to the surface used as substrate for functionalisation with molecular switches
or motors with the aim of providing pointers regarding the appropriateness of tech-
niques for particular surfaces or interfaces. Section 1.4 provides an in-depth discussion
of selected cases that describe in detail the use of a certain technique or combination of
techniques to characterise molecular function on functionalised surfaces.
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Scheme 1.1: Selected families of molecular switches and their modes of switching.

1.1.1. Molecular Switching

Molecular switching is defined here as a reversible large change in structure, and hence
properties, of a molecule in response to a stimulus, e.g., electrochemical, thermal,
acid-base, or photochemical. In this chapter, we will limit discussion to systems in
which the stimulus leads to a substantial change in molecular structure rather than
chromism, e.g., electro- or acidochromism, where only a change in colour (i.e. electronic
properties) occurs. Several classes of molecular switches can be defined based on
their modes of switching, e.g., E-Z isomerisation (stilbene, azobenzene), pericyclic
reactions (diarylethene), and pericyclic reactions accompanied by Z-E double bond
isomerisation (spiropyran) (Scheme 1.1). As mentioned above, these reversible reactions
can be induced by various stimuli, such as, electrode potential, chemical additives, pH
jumping, and/or light.6

Switching of diarylethenes between their open and closed forms involves only a
small structural change (and volume of activation), whereas the structural difference
between the isomers of spiropyrans (open vs closed) and azobenzenes (cis vs trans)
is larger. The type of molecular switch used to functionalise a surface or interface,
therefore, has consequences for the resulting (macroscopic) function, as well as the
number of techniques that are available to study its switching.
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Chapter 1. Molecular Switching on Surfaces

In this chapter, however, we have made selections on the basis of the properties of
the materials used as substrate, instead of the individual properties of each molecular
switch.

1.1.2. Classes of Techniques

A myriad of techniques is available for characterisation of molecular switching on
surfaces, both in situ and ex situ, most of which are a type of spectroscopy. Absorption
spectroscopies make use of a wide range of the electromagnetic spectrum, i.e. X-ray,
ultraviolet (UV), visible (Vis), near-infrared (NIR), and infrared (IR). Emission-based
spectroscopies are available as well in the X-ray and UV-Vis-NIR region, while Raman
spectroscopy is dependent on the wavelength of the laser source (typically 200-1100
nm) and the response of the surface. Several other techniques make use of electron
ejection, e.g., X-ray photo-electron spectroscopy (XPS) and high-resolution electron
energy loss spectroscopy (HREELS), which, due to the high energy of the irradiation
source, are prone to cause irreversible damage to the sample. Whether a technique is
destructive or non-destructive depends on the specific situation and not only photon
energy – powerful laser sources can also induce thermal damage, for example. Lastly,
computational methods are used more and more often, usually to reinforce the reported
experimental observations and proposed mechanisms,7–9 but there are examples also
of purely computational investigations into the reactivity and molecular conformations
of switches on surfaces.10,11

1.1.3. Types of Surfaces

The variety of surfaces, interfaces, thin films and coatings that can be created is im-
mense. Surfaces can be atomically flat12 and roughened to a wide range of extents,
with nanoparticles forming a special category;13–15 surfaces can be metallic (e.g., gold,
bismuth), metalloid (e.g., silicon),16 fully organic (e.g., covalent organic frameworks),17

and comprised of metal and organic elements (e.g., metal-organic frameworks).18 Be-
cause of this wide variety, an essentially equally wide variety of methods are used
for incorporating switches onto the surfaces and into interfaces (Scheme 1.2).19–21

Molecules can be attached directly to the surface, for instance by vapor or solution
deposition onto a substrate, with covalent bonds formed between surface and com-
pound, resulting in an electronically coupled system. Together with a restriction of
movement on the surface, this may have consequences for the ability to switch, as we
discuss later in this chapter. Alternatively, an alkyl linker between the molecule and
the surface-binding group is often used in the fabrication of self-assembled monolayers
to not hamper the switching of the compound by electronically decoupling it from the
surface.

Many surfaces and interfaces have been designed to have certain functions or prop-
erties that change upon switching, e.g., electron- and/or proton-conduction, porosity
on the nano- or micro-scale, and shape and size of the material.5,22,23 In this chapter,
instead, we focus on the characterisation of molecular switching, whether this induces
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1.2. Techniques

a function (on the macroscopic scale) or not.
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Scheme 1.2: Selected strategies for immobilisation of molecular switches onto a surface or in a
material.

1.2. Techniques

In this section, we will discuss several key points for each technique in general and,
in particular, when applied to (in situ) monitoring of molecular switching on surfaces.
These points include:

• The information obtained using this technique.

• The description of the surface in the context of this technique, e.g., concentra-
tion/surface density, thickness, reflectivity, bulk vs surface.

– For example, regarding UV-Vis absorption spectroscopy, the effective con-
centration of a compound on a surface is low in comparison to solution
experiments.

• The manner in which the measurement with a technique is performed, and in
particular the strong points and limitations of the technique.

• The suitability of the technique for monitoring of molecular switching ex situ
and/or in situ.

– For photochemical switching: optical access of excitation light source needs
to be considered.

– For thermal switching: thermal effects/artefacts must be considered.

– For electrochemical switching: access to electrodes, electrolyte (solution),
etc.

1

7



Chapter 1. Molecular Switching on Surfaces

We will not attempt to cover all aspects of each technique, but rather to provide
a succinct description that covers the advantages and disadvantages when applying
each technique to the characterisation of switching on a surface, and further reading is
indicated where appropriate. Furthermore, optical effects beyond those of molecular
origin, e.g., absorption and reflection of light solely determined by the properties of the
material that is functionalised, will not be discussed in detail.

There are several common techniques to characterise molecules on surfaces and
interfaces.24 Those that provide vibrational information, such as infrared absorption
spectroscopy and Raman spectroscopy, including its variants with enhanced intensity
(TERS, SERS, vide infra), and those that provide information on electronic properties,
such as UV-Vis and NIR absorption spectroscopy. The aforementioned spectroscopies
can be applied in situ to monitor changes in molecular structure and properties while
applying the stimulus required for inducing switching. Other techniques, such as X-ray
photoelectron spectroscopy (XPS) and NMR spectroscopy, are typically used ex situ,
but increasingly in situ irradiation is becoming technically feasible. With the ex situ
approach, spectra are recorded before and after switching. This approach is sensitive to
external influences, and to changes occurring to the sample between measurements.

1.2.1. General Phenomena

There are a few general phenomena and potential issues involved with most of the
techniques covered here. Molecular switches in pure solid (crystalline) state do not
usually show switching behaviour due to restriction of movement in the crystal lattice
and inner filter effects, with notable exceptions such as those described by Irie,25

Uchida,26 and coworkers, for example. Amorphous solids, on the other hand, do not
necessarily possess enough space for the molecules to change structure. However, lack
of observed switching in this case can often be attributed to the primary inner filter
effect (vide infra) due to the thickness of the sample. With thin films, full switching in
the solid state is often observed.27

1.2.1.1. Inner Filter Effect
The inner filter effect is a common issue in emission-based techniques such as fluores-
cence and Raman spectroscopy.28 In the case of negligible overlap of the emission and
absorption wavelengths of the system under study, the secondary inner filter effect,
i.e. the re-absorption of emitted light (e.g., fluorescence, phosphorescence, or Raman
scattering), is not of concern. The primary inner filter effect, i.e. total absorption of inci-
dent light, can nevertheless still present challenges, particularly at high concentrations
or high surface densities, in which case the light of a spectrometer or excitation source
does not reach the deeper-lying layers of the sample. The primary inner filter effect is
especially a challenge during irradiation of dense materials such as MOFs29,30 and in
following photo-isomerisation in NMR studies where high concentrations of sample
are needed. The primary inner filter effect can be advantageous though, for example, in
multilayer coatings as noted by Feringa et al. recently (Figure 1.1).31

Experimental methods to correct for the non-linearity of emission intensity with
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1.2.1. General Phenomena

concentration have been developed that make use of calibration with suitable standard
samples.32 Generally, the simplest approach to reduce contributions from inner filter
effects is to dilute the sample, i.e. use a lower concentration or surface density of the
compound that absorbs the light. In the case of undesired absorption of Raman scat-
tering by the sample (secondary inner filter effect), either in the initial or in the product
state, it may help to choose an excitation light source with a longer wavelength, so as to
move further away from the absorption bands of the sample (see also Section 1.2.4).33

Figure 1.1: Glass slides spin-coated with several layers of poly-methyl methacrylate containing
either nitrospiropyran (NSP) or dithienylethene (DTE). (top) Colour obtained upon 365 nm
irradiation from the side with NSP (a) or DTE (b). (bottom) Demonstration of the role of inner
filter effect in obtaining multiple colours by selective irradiation of a glass slide coated with
multilayers containing two different photochromes. Reproduced from Feringa et al.,31 with
permission from The Royal Society of Chemistry.

1.2.1.2. Thermal Damage
Thermal destruction (known colloquially as "burning") is the damage inflicted to the
sample caused by the irradiation source heating it up to an extreme temperature
(Figure 1.2). This is a commonly encountered problem in Raman spectroscopy due to
the use of high-power lasers, especially with samples of thin films and self-assembled
monolayers since the required confocality results in high power densities. However,
even with more sensitive detectors and more efficient optical systems, the effect of
sample heating with low power lasers can be surprisingly subtle with relatively modest
increases in temperature, as shown by Danowski et al.29 and in Chapter 2 of this thesis.

1.2.1.3. ionisation
High-energy (short-wavelength) spectroscopic techniques, such as any using light in the
X-ray region, carry the risk of unwanted ionisation of the sample during measurement,
which can lead to destruction of the sample. The effect of ionisation can also be highly
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Chapter 1. Molecular Switching on Surfaces
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Figure 1.2: Crystals of [MnIV
2 (µ-O)3(tmtacn)2](PF6)2 (melting point >350 °C) before and after

irradiation with a 785 nm laser (35 mW, 3 s) during acquisition of Raman spectra, showing
thermal damage in the form of a burn region on the crystal. W. R. Browne is kindly acknowledged
for providing the images.

dependent on the sample, as shown by Ivashenko et al. with comparison of the effect
of irradiation on atomically flat and roughened gold surfaces in X-ray photo-electron
experiments.34

1.2.1.4. Scatter
Scatter by particles of approximately the size of the wavelength of irradiation, i.e. Mie
scattering and the Tyndall effect, is a potential issue for absorption spectroscopies
in the UV-Vis and NIR regions that obscures the absorption bands of interest.35 Mie
scattering is uncommon in solution studies, unless a reaction produces a precipitate
(of the appropriate size), but it is more prevalent in analogous studies on nano- and
microparticles. In Raman spectroscopy, the scatter caused by diffuse reflection and
specular reflection from reflective surfaces can lead to excessive amounts of stray light
swamping the weak Raman scattering signal. In solid samples of powders, the effects
of scatter are such as to require integrating spheres to ‘catch’ the light scattered (see
Section 1.2.2.2).

1.2.1.5. Optical Interference (Fringing)
Optical interference, for example fringing, is a phenomenon observed with various
techniques but with different underlying causes (Figure 1.3). The fringing sometimes
observed in UV-Vis absorption spectra is due to the thickness and optical properties
of the sample causing interference of the light passing through it by acting as an
etalon. Fringing observed in Raman spectra, especially with back-thinned CCDs used
for increased sensitivity in the near-infrared region, is due to the thickness of the
back-thinned silicon layer approaching the wavelength of light used, and creating an
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1.2.2. UV-Vis-NIR and IR Absorption Spectroscopy

unpredictable etalon and so-called fringing in the image readout by the CCD. This
fringing becomes a ’ripple’ in the baseline of spectra with a periodicity close to the
width of vibrational bands.
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Figure 1.3: Fringing in (left) a transmission UV-Vis absorption spectrum of a liquid crys-
tal contained in a cell (5 µm pathlength), and (right) Raman spectra of crystals of
[MnIV

2 (µ-O)3(tmtacn)2](PF6)2. R. Feringa and W. R. Browne are kindly acknowledged for pro-
viding the UV-Vis absorption and Raman spectra, respectively.

1.2.2. UV-Vis-NIR and IR Absorption Spectroscopy

Absorption spectroscopy has many of the same characteristics as well as limitations
in both the UV-Vis-NIR and IR region. When performing absorption spectroscopy of
species on surfaces, various aspects need to be taken into account that are not usually
encountered in solution. For instance, measurements in transmission mode may not
be possible, for example with samples at high concentration (e.g., crystals of MOFs) or
on highly reflective or opaque substrates. In these cases, alternative methods, such as
the use of reflectance modes and integrating spheres, are more appropriate and will be
discussed in more detail in the sections below.

Another phenomenon not encountered in (dilute) solution that has an effect on the
absorbance of molecules adsorbed onto a surface is the proximity of those molecules
with each other, also called the solvent effect, in which molecules act as their own solvent.
Furthermore, the effect of macroscopic orientation of chromophores plays a role, where
the sample is no longer isotropic and hence the polarisation of the light used to probe
the surface becomes an important consideration (vide infra).28 Similarly, if a high degree
of long-range ordering is present, i.e. over the same dimensions as the area of the
sample probed, then effects of linear dichroism (LD) can be substantial. While this
can be a major problem for circular dichroism (CD) and infrared reflection absorption
(IRRA) spectroscopy, it is an extra aspect to study by LD absorption spectroscopy and
by polarised Raman spectroscopy.
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Chapter 1. Molecular Switching on Surfaces

A perhaps trivial, but nonetheless useful, point, is that the molar absorptivity of a
compound, typically expressed in M−1 cm−1, can also be expressed in units of mol−1

cm2. Hence, the Beer-Lambert-Bouguer relation, A = ϵcl, is also A = ϵΓ , where Γ is the
surface concentration in mol cm2. A typical value for the molar absorptivity of a layer
of organic molecules is around 107 mol−1 cm2, and typical surface densities are of the
order of 10−10 mol cm−2.36 Hence, the absorbance of a (sub-)monolayer is expected
to be of the order of 0.001, and with sufficient accuracy (most higher-end commercial
scanning-mode instruments are accurate to 0.0001), surface coverage can be estimated,
assuming a reasonably isotropic orientation of the chromophores (vide infra).

1.2.2.1. Transmission Spectroscopy
A (metal) surface can be prepared as a film sufficiently thin (approximately 10 nm) such
that it is no longer fully reflective and is optically transparent in the near-UV and visible
region, making it suitable for use in transmission mode absorption spectroscopy.37–39

The risk with preparing a layer of metal of only a few nanometers in thickness on a
support (e.g., glass or quartz), is that it may not have the properties of a bulk metal due
to influence of the surface on atom packing and the tendency to rearrange thermally to
form particles. This is not usually a major consideration as thicknesses of a few nm are
already sufficient to overcome the influence of the substrate and, often, a sublayer of
another metal is used to stabilize the coating (a chromium interlayer when depositing
gold on glass,34 for example). In general, with all surfaces, we have to take into account
the unavoidable imperfections and inhomogeneities, such as defect areas.

Regarding absorption spectroscopy in the (near-)infra-red region, the same limita-
tions for transmission mode hold but not necessarily in the same cases as for UV-Vis
light. Substrates that do not transmit light in the UV and visible spectrum, and are
therefore not suitable for transmission UV-Vis absorption spectroscopy, may be useful
for (N)IR vibrational spectroscopy, e.g. silicon. IR absorption by the substrate, solvent,
additives, or even strong vibrational modes of the compound of interest, does not
necessarily mean that transmission IR absorption spectroscopy cannot be performed.
As long as total absorbance of the light is avoided in the region of interest, often where
there are characteristic bands of the different isomers of the molecular switch, useful
information can be obtained.

The transition dipole moment of a molecule determines the probability of the
absorption of a photon.28 In the case of randomly oriented molecules on a surface,
which is usual on the scale of UV-Vis and IR absorption measurements unless the
sample is prepared carefully and specifically to obtain alignment, this relation does
not pose a problem. If, instead, the functionalised surface is prepared in such a way
as to have induced an ordered orientation of the molecules, sample positioning in
relation to the incident beam is of influence on the measured absorbance. In the case of
randomly oriented molecules on a surface, the molar absorptivity of the compound in
solution (ϵsolution) may be used for characterisation of the adsorbed layer of molecules
as well, e.g., to obtain the surface coverage, provided that there is sufficient electronic
decoupling from the surface.39
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1.2.2. UV-Vis-NIR and IR Absorption Spectroscopy

1.2.2.2. Diffuse Reflectance Spectroscopy
Diffuse reflectance spectroscopy requires the dilution (typically <5 wt%) of a solid
sample in a non-absorbing, highly reflective powder (e.g., KBr, BaSO4), which, in combi-
nation with an integrating sphere, ensures that the light passing through and reflecting
from the sample, during which it can also be absorbed, is collected efficiently for de-
tection. Since this measurement requires sample preparation in the form of physical
grinding, it makes it generally unsuitable for surfaces that need to be kept pristine, but
a useful technique for obtaining absorption spectra of more robust materials such as
MOFs and nanoparticles,40 especially since samples of these materials can be prepared
by drop-casting a concentrated solution onto a pellet of, e.g., KBr.27

1.2.2.3. Specular Reflectance Spectroscopy
Specular reflectance absorption spectroscopy makes use of highly (specular) reflecting
substrates. The incident light passes through the absorbing layer on top of the substrate.
Since the substrate only needs to be reflective in the spectral region of interest, it can
be used for vibrational spectroscopy even when UV and visible light is absorbed, and
vice versa. There are two main methods which are distinguished by the thickness of
the layer on the reflective substrate.24 Specular reflectance is used when the layer is
sufficiently thin that the path of light is undisturbed. At the other end, when the
layer is thicker and the path of light is changed due to its difference in refractive
index, it is called reflection absorption spectroscopy. The latter is widely applied to
obtain vibrational spectra of solids and surfaces, and is aptly called infrared reflection
absorption spectroscopy (IRRAS). When polarisation modulation of the incident light is
used as an extra parameter, the technique is called PM-IRRAS.41 The advantages of this
latter approach are reduced acquisition times, the absence of significant disturbances
by the environment, and the fact that measuring a background signal is not necessary.42

Various sampling methods are used to record IRRA spectra, for example, with a single-
reflection horizontal ATR accessory on a regular FTIR instrument,41 or in grazing-
incidence reflection mode where the angle of incidence with the surface normal typically
is 80°.43,44

1.2.2.4. Technique-Specific Aspects in Relation to Photochromic Switching
1.2.2.4.1. UV-Vis-NIR Absorption Spectroscopy
Molecular switches and motors that exhibit a significant change in their electronic
absorption spectrum upon applying a correct stimulus, i.e. chromism, are suitable
for study by UV-Vis-NIR absorption spectroscopy. In the case of photochromes, it is
important to note that photochemical switching can also occur due to the radiation
from the lamps of the spectrometer used to acquire spectra, and care must be taken to
avoid this as much as possible, e.g., by using a shutter to block the light in-between
acquisitions or a filter to block light except in the region of interest. The families
of spiropyrans (and spirooxazines) and azobenzenes are prime examples of switches
well-suited for monitoring by UV-Vis absorption spectroscopy because of the clear
differences in visible absorption between the spiro and merocyanine isomers,45 and the
cis- and trans-isomers, respectively.38 The electronic absorption properties of a switch
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Chapter 1. Molecular Switching on Surfaces

can be useful also for Raman spectroscopy, in obtaining so-called resonantly enhanced
Raman spectra, which will be discussed in more detail in Section 1.2.4.1.

1.2.2.4.2. FTIR Absorption Spectroscopy
FTIR absorption spectroscopy provides structural information on the surface-bound
molecules, but unlike Raman spectroscopy (vide infra), the infrared light of the irradia-
tion source does not interfere with the measured signal, nor does it induce photochem-
ical switching. A shared issue, however, is heating of the sample under study due to
non-radiative relaxation from a vibrationally excited state. Furthermore, for Attenuated
Total Reflectance (ATR) mode, there is a wavelength-dependent limit to the sample
thickness that can be used, with a greater penetration depth at lower wavenumbers,46,47

and transmission mode and IRRAS are often the methods of choice.
Having a characteristic band, with which to follow switching, that appears only

in the FTIR spectrum of one isomer, is generally guaranteed when a large change in
molecular structure occurs, since the vibrational spectrum itself is a manifestation
of the shape and symmetry of the molecule. An example is found in the work by
Tuczek et al. on azobenzene-functionalised triazatriangulene platforms onto which a
methoxy unit was installed that functions as a marker group.42 With this, the cis-trans
isomerisation of the azobenzene platform immobilised on Au(111) is readily discerned,
allowing for it to be shown that the isomerisation back to the initial state is significantly
faster on the surface than in solution.

1.2.3. Emission Spectroscopy

Emission in the near-ultraviolet and visible region of the spectrum, e.g., phosphores-
cence and fluorescence, is in principle a zero-background technique, and therefore
emission is readily detected over the background noise (electronic and shot noise,
primarily). Of course, in order to be a useful technique for monitoring of switching,
either only one of the states of the switch should be emissive, or both but each with
emission of different wavelengths. Emission spectroscopy in the X-ray region of the
electromagnetic spectrum will be discussed in Section 1.2.8.

Emission spectroscopy is a central technique in so-called single-molecule studies,
with a recent Nobel prize awarded for the super-resolution microscopies,48 which make
use of the ’blinking’ of isolated molecules, but it is also useful in the study of monolayers.
Coleman et al. used the distinct fluorescence spectra of bistricyclic aromatic enylidene
(BAE)-based fluorophores to follow the photo-induced reaction in which a blue-emitting
BAE acting as an energy donor was converted in situ photochemically to a green-
emitting BAE acting as an energy transfer acceptor on an indium tin oxide-coated
glass substrate.49 While this example does not involve reversible switching, it shows
clearly that emission spectroscopy is useful in determining when a reaction occurs from
one fluorescent compound to another, and in this case the corresponding absorption
spectra revealed limited switching of the system due to the energy transfer quenching
induced by the photo-product. The main challenge in using emission as the molecular
property for characterising monolayers and thin films, is that even relatively stable
compounds are prone to irreversible photodamage under continuous irradiation due
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1.2.4. Raman Spectroscopy

to low quantum yield photo-degradation processes. Furthermore, the approach is
generally limited to systems with a reasonably high emission quantum yield.

1.2.4. Raman Spectroscopy

Raman spectroscopy, an emission-based technique also, does not require the record-
ing of a reference signal, as opposed to absorption spectroscopies.33,50 Therefore, its
advantage lies in samples that suffer from irregular changes in optical properties, for
instance in the case of samples that are sensitive to small changes in position. Raman
scattering obtained from a sample provides molecular vibrational information, but is
sometimes used to detect lower-frequency lattice modes as well (e.g., phonons). Since
the intensity is proportional to the fourth power of the frequency of excitation, gen-
erally it is best to use a laser with as high a frequency as possible. However, using a
laser of a wavelength in the UV and visible region increases the risk of interferents such
as fluorescence background signal and the primary and secondary inner filter effect,
due to electronic absorption by the sample in this region. Excitation wavelength and
sample concentration are two factors that can be adjusted to some extent. Changing the
laser source is relatively straightforward, provided that multiple lasers are available to
the experimentalist, but can cause several issues as well, as discussed below. For Raman
spectroscopy on functionalised surfaces, the main limiting factor is the concentration,
since it may be challenging to increase concentration or surface density of a sample
without changing the chemical behaviour.

Analogous with the dependence of electronic absorption on the transition dipole mo-
ment of molecules immobilised on a surface, Raman scattering intensity is polarisation-
dependent. In the case of highly oriented surfaces (e.g. thin films of crystals and
MOFs29), the acquired spectrum will depend on the orientation of the molecules on the
surface, manifested in a change in ratio of polarisation-sensitive vibrational modes. On
the other hand, polarised Raman spectroscopy can be used as an additional characteri-
sation technique as well.29

As discussed in Section 1.2.1.2, Raman measurements are particularly prone to
inducing thermal damage of the sample because of the high laser power densities
applied. In the case of surfaces functionalised with molecular switches, a related
problem, though typically not irreversible, is thermal switching of the molecule on the
surface.51,52 Both of these phenomena, thermal damage and thermal switching, are still
possible when using a laser wavelength outside of the range of electronic absorption by
the sample, since near-IR light (>800 nm) can be absorbed by overtones of vibrational
modes as well. Furthermore, photochemical switching with a highly focused near-IR
laser has been shown to be possible as well due to two-photon absorption.53 This may
be avoided readily by reducing the power output of the excitation laser as two-photon
processes have a quadratic dependence on laser power (see Section 1.4.3).

Another issue commonly encountered in the acquisition of Raman spectra is emis-
sion, e.g., fluorescence and phosphorescence, that appears as a broad background signal
and can thereby swamp the lower-intensity Raman bands due to the increase in shot
noise. When the emission originates from the molecular switch (before and/or after
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switching), this will usually preclude the use of Raman spectroscopy for characteri-
sation, but also impurities present in the sample, even in tiny amounts, can pose a
problem when the quantum yield of emission is significant. In case of fluorescence
background intensity, the severity of this may be avoided by choosing either a longer
wavelength of excitation, such that the part of the electromagnetic spectrum observed
lies beyond that where fluorescence is observed (Figure 1.4), or even a shorter laser
wavelength, so as to avoid detecting the longer-wavelength fluorescence. Two-photon
fluorescence is less common, but can also prevent the recording of Raman spectra at
any wavelength.54

It follows from the potential issues presented above that Raman spectroscopy is not
necessarily an innocent technique. Several methods can be used in order to prevent
undesired side effects from laser-induced heating, such as using low laser power, and
immersion/dispersion of the sample in a solvent to improve heat dissipation.

N
B N N

N

Figure 1.4: Solid-state Raman spectra of a boron complex at 785 nm showing its intense
fluorescence background (red), and at 1064 nm in which fluorescence is completely absent
(blue). Adapted from Browne et al.55

1.2.4.1. Resonance Enhancement of Raman Scattering Intensity
When the Raman intensity in a normal Raman measurement is insufficient for detec-
tion, there are several ways to achieve enhancement of the signal. Besides electronic
absorption by a sample posing a possible issue, one can take advantage of this property
as well by choosing an excitation source at a wavelength where there is an absorption
band, and hereby obtaining resonance enhancement of the Raman scattering intensity
(Figure 1.5).56–59 Inherent to this enhancement is also the higher risk of thermal damage
to the sample.
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Figure 1.5: Cyclic voltammetry and Raman spectra of a thin film (1-2 nm) of an electrochemically
polymerized Fe(III)-polypyridyl complex, with resonance enhancement of the singly oxidized
polymer at 785 nm and of the doubly oxidized polymer at 473 nm. Reproduced from Unjaroen et
al.,58 with permission from the American Chemical Society.

1.2.4.2. Surface-Enhanced Raman Scattering and Tip-Enhanced Raman Scattering
Spectroscopy

Surface-enhanced Raman spectroscopy60 (SERS) and its variant tip-enhanced Ra-
man spectroscopy61,62 (TERS) have been used extensively in the characterisation of
molecules adsorbed on surfaces. A notable phenomenon associated with SERS is the
fact that a large portion of the overall surface-enhanced intensity is contributed by a
small percentage of total sites on a surface: so-called "hot spots".63,64

The experimental setup for a SERS measurement is largely the same as for regular
Raman spectroscopy. Specific requirements and challenges will depend on the sample
being studied, e.g., nanoparticles or a roughened planar surface.

A TERS instrument combines a Scanning Tunneling Microscope (STM) with a Ra-
man spectrometer in order to obtain Raman spectra of molecules on the probed surface
at the STM tip (Figure 1.6). In theory, TERS makes it possible to track atomic changes
simultaneously with changes in vibrational frequencies. In a review, not specifically
related to molecular switching, Deckert-Gaudig et al. discuss the history and experi-
mental details of the technique.62 Importantly, the enhancement of Raman scattering is
due to the STM tip – indeed, the probed surface does not need to be rough, as is the case
with SERS, and this allows for the study of flat surfaces with high spatial resolution
using TERS.37 As with other vibrational spectroscopic methods, the application of
TERS spectroscopy is most useful when a characteristic Raman band of at least one
isomer of the molecular switch is known, for instance, in the case of hydrazone-based
photoswitches37 and azobenzenes.65 Unfortunately, it is experimentally challenging to
irradiate a sample during acquisition of TERS spectra, and hence generally only the
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situations before and after irradiation can be characterised.
A phenomenon that needs to be taken into account when using the resonance

enhancement from surface plasmons is plasmon-driven chemical reactivity.63 This topic
will be discussed in more detail in Section 1.4.2. An undesired consequence of using
an STM tip that is made of (reactive) metal, usually silver, is attachment of molecules
originating from the functionalised surface under study. Lee et al. noted this effect when
chemisorption of a single molecule of a thiol-substituted azobenzene derivative onto
the silver STM tip resulted in its observation by TERS, while the molecules adsorbed
onto the gold substrate were not detected due to their flat orientation on the surface.66

Figure 1.6: Different experimental setups for TERS: (a) back-reflection setup with illumination
from the bottom (limited to transparent substrates only), (b) illumination from the side, and (c)
illumination from the top. Reproduced from Deckert-Gaudig et al.,62 with permission from The
Royal Society of Chemistry.

Single-molecule SERS is a relatively new technique that can be used to follow
photochemical reaction events of, for example, molecular switches.67 It should be
noted that the measurement interferes significantly with the molecule under study.
Oftentimes, intensity fluctuations are observed in these types of single-molecule Raman
experiments which may be due to changes in diffusion, adsorbate-substrate orientation,
or local electromagnetic field gradients, but may also rather be the result of more subtle
variations in the lifetime, energy, and geometry of the excited state, as concluded by
Van Duyne et al. from theoretical calculations.68

1.2.5. High Resolution Electron Energy Loss Spectroscopy

High Resolution Electron Energy Loss Spectroscopy (HREELS) is a surface-sensitive
technique that is distinct from the other spectroscopies discussed here in that it utilises
a monochromatic electron beam to measure the energy loss of electrons undergoing in-
elastic scattering on a surface, hereby providing vibrational information of the adsorbed
molecules on that surface.69 Since ultra-high vacuum conditions are required, and the
surfaces that can be studied are limited to relatively smooth and crystalline materials,
HREELS has limited applicability and requires specialised instrumentation that is not
readily available. Although most of the commonly desired (vibrational) information
of the adsorbate can be obtained by FTIR and IRRA spectroscopic methods, there is
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certain information that only HREELS can provide, i.e. particular surface processes that
can be observed with electrons since the selection rules are different for scattering of
electrons than for vibrational absorption of light. The technique is reviewed by Tegeder
in regard to photochemically- and thermally-induced molecular switching on noble
metals.19

1.2.6. Localised Surface Plasmon Resonance Spectrosopy and Ellip-
sometry

Both localised surface plasmon resonance (LSPR) spectroscopy and ellipsometry are
techniques that provide information about the properties of the surface, and only
indirectly of the molecules adsorbed onto it, and therefore do not give direct insight
into molecular changes that occur during switching. Ellipsometry is widely used to
study the dielectric properties of thin films,70 whereas LSPR spectroscopy gives insight
into the surface plasmon of nanoparticles with sub-wavelength spatial resolution.71,72

1.2.7. Non-Linear Optical Spectroscopies

The main distinct feature of non-linear optical (NLO) spectroscopy that gives it an
advantage over linear optical techniques, is that the signals can only come from the
surface or interface since these are never centrosymmetric – a requirement for obtain-
ing non-linear optical effects.73 Sum-frequency generation (SFG), second-harmonic
generation (SHG), and two-photon photo-emission (2PPE) spectroscopy are a few of the
most commonly used NLO techniques, and their use for characterisation of molecular
switching on noble metals is discussed in the review by Tegeder.19

Sum-frequency generation (SFG) vibrational spectroscopy, also called vibrational
sum-frequency (VSF) spectroscopy, offers a significant increase in spatial resolution
compared to other vibrational spectroscopies, such as IRRAS, since the signals that are
recorded have to come from molecules that are on the surface.74 Because of this prop-
erty, SFG vibrational spectroscopy has been shown to give more detailed information
of molecular structure on surfaces, as demonstrated by Ye et al. in the determination
of the orientation of the nitro group of a nitrospiropyran-functionalised gold surface
in both the open and closed form.75 In addition, the technique was used to obtain the
photo-isomerisation rate on the gold surface for comparison with those in solid state
(lower) and in polar solvents (same). Detailed photo-switching studies of azobenzene
SAMs on gold using the same technique allowed Tegeder et al. to draw the conclusion
that the mechanism of photo-isomerisation of azobenzene SAMs is analogous to that
of free molecules in solution, namely direct electronic excitation.76 An interesting
example of the combination of this spectroscopic technique with electrochemistry is
the investigation by Garling et al. into the influence of surface potential on the photo-
switching of a nitro-substituted spiropyran SAM on gold.77 Tegeder et al. noted the
usefulness of second harmonic detection in the characterisation of switching, when ob-
serving that the generation of second harmonics by fulgimide molecules self-assembled
on Si(111) happens to varying extents dependent on the particular isomers present
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on the surface.78 Another example of the use of NLO spectroscopic techniques by
the same group is the detection of two-photon photo-emission signals of spiropyran
and merocyanine deposited on Au(111) to probe the molecular orbital energies of the
states of the molecular switch.79 For spiropyrans adsorbed directly onto a surface, the
quantum efficiency for ring-opening was found to be several times lower than that in
solution, which is explained by the efficient quenching of excited states by the nearby
metal surface.

As with other vibrational spectroscopic techniques, it is of great practical use for the
molecules under study to exhibit unambiguous spectral bands, ideally in both states of
the molecular switch. The above-mentioned reports show that the nitro-substituted
spiropyran has ideal marker bands originating from the nitro group, hence its ubiquity
in the literature. Both the symmetric and asymmetric stretching modes are present in
spectra of both the closed spiropyran and open merocyanine isomer,77 which greatly
helps in determining the extent of switching on surfaces.

1.2.8. X-ray Spectroscopies

1.2.8.1. X-ray Photo-electron Spectroscopy
X-ray photo-electron spectroscopy (XPS) provides information on the oxidation state
and bonding interactions of atoms in the molecule on a surface (Figure 1.7).80,81 There
is a risk of damage to the sample during measurement, as well as undesired reactivity
due to the experimental conditions of the XPS instrument, which will be discussed in
Section 1.4.3. A downside to XPS in the characterisation of photochemical switching is
that it is experimentally challenging to perform in situ irradiation during a measure-
ment, which means typically that samples are characterised by recording of spectra
before and after irradiation. Furthermore, the technique has a steep depth sensitivity
of less than 5 nm,82 making it challenging to accurately interpret data for high-density
SAMs and thin films. A further challenge is electronic charging of the substrate.81

Using conducting substrates and an electron gun can reduce these effects.

1.2.8.2. X-ray Absorption Spectroscopy
An X-ray absorption spectrum includes a wide range of energies where the various
regions contain different types of information (Figure 1.7). Commonly, the part of the
absorption spectrum near the edge structure is focused on with a technique called
both X-ray absorption near-edge structure (XANES) and near-edge X-ray absorption
fine structure (NEXAFS).84 The complementary technique extended X-ray absorption
fine structure (EXAFS) is used to study the fine structure in the absorption at energies
higher than that needed for electron release, in this way reporting on the nature of the
neighbouring atoms and their distance from the absorbing element.83 While for certain
measurements the high noise level associated with in-house NEXAFS instruments is an
obstacle that can be overcome, most samples require access to synchrotron facilities, at
least those in low concentration.

NEXAFS data can give clear information on the switching on surfaces of, e.g.,
rotaxanes, as shown by Schalley et al. on gold for which chloride ions were used
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(a) (c)

(b)

Figure 1.7: (a) Schematic illustration of an X-ray photo-electron spectrometer with a monochro-
matized X-ray source and hemispherical electron energy analyzer, and (b) an example of a
wide-range XPS spectrum of a thin film of CrAlN with a native oxide layer. Adapted from Greczyn-
ski and Hultman,81 with permission from Elsevier B.V. (c) X-ray absorption spectrum of Mn
showing the different regions: K-edge XANES, and k -space EXAFS with its Fourier transform.
Adapted in part from Yano and Yachandra,83 with permission from Springer Nature.

as stimulus (i.e. chemical switching),85 but often the differences before and after
switching are more difficult to determine, as with the photo-switching of azobenzene
deposited on semi-conducting HfS2 and metallic TiTe2.86 XPS spectra also clearly
indicated a change in the carbon and nitrogen atoms of the deposited azobenzene,
while the differences in NEXAFS spectra before and after irradiation were minor.
The tilt angle of the azobenzene changed after irradiation,84 and this reduction in
NEXAFS polarisation contrast is interpreted as evidence of photochemical switching of
azobenzene adlayers.87 When the same measurements were performed for monolayers
of azobenzene instead of multilayers, the tilt angles could not reliable be obtained due
to an insufficient signal-to-noise ratio. This shows that NEXAFS requires a certain
surface density of samples in order to permit satisfactory interpretation and is therefore
not suitable for monolayers.

1.2.8.3. X-ray Emission Spectroscopy
An alternative way to obtain an X-ray absorption spectrum is to employ X-ray emission
spectroscopy (XES) and emission-detected X-ray absorption to generate an excitation
spectrum similar to that done in the UV-Vis spectral region.88,89 It is widely used in
X-ray spectroscopy and is particularly useful when sample absorption is too high and it
is experimentally challenging to obtain an X-ray absorption spectrum directly.
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1.2.9. Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy has been used for the characterisation
of nanoparticles functionalised with a molecular switch,90 and for determining the
unidirectionality of the photochemically-driven rotation of a molecular motor on gold
nanoparticles using a 13C-labelled analogue,91 albeit not in situ but by recording of
NMR spectra after cleavage from the gold surface. In recent years, solid-state NMR
spectroscopy has gained increasing interest as a tool for characterisation of a wide range
of materials,92 for instance metal-organic frameworks, for which it was demonstrated to
be a useful probe of the dynamic processes occurring inside of a framework containing
mechanically interlocked molecules.93

1.2.10. Computational Chemistry

Computational chemical methods are often used in addition to experimental work
as an aid to explain observations,7–9 in particular when dealing with complicated
measurements whose results pose a challenge for interpretation, such as X-ray-based
spectroscopic techniques.

Simulations of X-ray absorption spectra of diarylethene on highly-oriented pyrolytic
graphite (HOPG) using density functional theory (DFT) have helped identify the iso-
mers present before and after photo-isomerisation,94 and the surface coverage- and
temperature-dependent conformations of an imine switch on Au(111) were computa-
tionally investigated by first-principles DFT calculations to help explain the changes
observed by NEXAFS.95 The surface coverage dependence of the excited-state prop-
erties of adsorbed azobenzene was rationalised by Cocchi et al., who reported that
high-density architectures show almost no π-π∗ resonance, which is the excitation
that triggers cis-trans isomerisation, whereas this is observed in the computed optical
spectra of isolated dimers and diluted self-assembled monolayers.96,97

There is usually a disparity between calculations that use molecular models to
describe functionalised surfaces, and observations from experimental work, more so
than is the case for molecular systems such as gases and solutions. This is why a
periodic approach to model surfaces and complete substrate-adsorbate systems can be
taken instead, e.g., the Vienna ab initio simulation package (VASP) based on DFT.98,99

Nevertheless, Balema et al. showed the possibility of using gas-phase DFT calculations
with simplified models of metal-organic complexes to predict preferred molecular
orientation on a Cu(111) surface, by comparison of methoxy- and ethyl-substituted
adsorbates that show different orientation of their side groups.100

Kshirsagar et al. performed a computational study of the optical absorption of an
azobenzene-functionalised metal-organic framework and found that the simplest model
could describe nearly all of the ultraviolet and visible absorption.101 The noticeably
strong S1 absorption band of the cis-isomer, that was only correctly described by
larger models, indicates at the same time that azobenzenes embedded in the modelled
framework should have a faster cis-trans isomerisation than in solution. This theoretical
work can have implications for the design of azobenzene-functionalised MOFs aimed
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to have high photo-conversion efficiencies.
Theoretical studies of switches on surfaces that are further removed from the current

experimental state of the art are also performed and can give valuable insight as well
as clues on which direction to head into next.10,11 An example of the latter is the
computational study by Li et al. on the switching of hydrogen tautomerisation switches
on several transition metal surfaces.10 This family of switches shows promise towards
use in complex nano-circuits, but so far, examples have only been able to be studied
under cryogenic conditions.

1.2.11. Electrochemistry

Electrochemical methods can be used to obtain information about the switching of
molecules on a surface if the redox chemistry is known for both states of the molecular
switch. The data obtained from electrochemical measurements, potential and current,
do not give direct information on the (changes in) molecular structure, which is why
this technique is not suitable when knowledge on the redox chemistry is limited. The
application of electrode potential is more useful as the stimulus for a change in molecu-
lar conformation, i.e. redox switching, for example in the electrochemical switching
of self-assembled monolayers of overcrowded alkenes102 and diarylethene-modified
indium tin oxide (ITO) electrodes (Figure 1.8),36 and for driving reversible motion of
a mechanically interlocked molecule in a metal-organic framework.40 Electrochemi-
cal methods are used extensively in this thesis and will be discussed further in later
chapters.

Figure 1.8: Electrochemical switching of (left) self-assembled monolayers of an overcrowded
alkene (dimethyl-bisthiaxanthylidene) on Au, adapted in part from Ivashenko et al.,102 with
permission from the American Chemical Society, and (right) dithienylethene immobilised on
activated indium tin oxide (ITO), adapted in part from Areephong et al.,36 with permission from
The Royal Society of Chemistry.
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1.3. Surfaces and Interfaces

In this section, several types of surfaces and interfaces will serve as focus points for
discussions on the techniques most often used and most suitable for each, providing
details on surmounted challenges and persisting limitations. It is worth reiterating
that the various classes of molecular switches and motors have distinct properties (see
Section 1.1.1), e.g., the difference in electronic and vibrational absorption between
the states. Furthermore, they can have varying interactions with surfaces made from
different materials. Azobenzene, for example, adsorbs to various (metal) surfaces
differently, resulting in specific orientation with respect to the surface, reactions with
the surface (e.g., reduction), and resistance to switching (vide infra). With that said,
the range of useful techniques for monitoring of switching will still depend greatly on
the surface that has been modified with the switch. Of course, if switching of a certain
adsorbed molecule does not result in significant changes in, for example, electronic
absorption, then UV-Vis absorption spectroscopy is not the technique of choice. In the
end, there will always be an interplay of parameters from both the surface and the
immobilised molecule that will determine the range of techniques that can be used.

1.3.1. (More or Less) Atomically Flat Surfaces

Atomically flat surfaces are often used as substrates for functionalisation with molecular
switches due to their well-established and predictable surface properties. Amongst the
wide variety of metals (and other materials) available, gold is often the substrate of
choice due to its advantageous properties. As with other metals, it is conducting; its
thermodynamically most stable geometry, Au(111), is readily obtained when preparing
gold surfaces, which facilitates fabrication; and most importantly, its reactivity with
certain functional groups, e.g., thiols, means it is straightforward to form gold-adsorbate
bonds in many cases.

Another strong interaction of gold is with aromatic units, which Rusch et al. take
advantage of in their work on the self-assembly of an azobenzene-functionalised plat-
form (azobenzene-TATA) onto gold in such a way that the orientation of the switch is
lateral (altitudinal) to the surface.39 Characterisation of the azobenzene-functionalised
gold surface by X-ray photo-electron spectroscopy (XPS) confirmed the presence of
two different types of nitrogen atoms, as expected, since the nitrogen atoms in the
azobenzene are in a higher oxidation state than those in the "feet" in contact with
the gold surface. Angle-dependent NEXAFS measurements allow for confirmation
of the data obtained by STM regarding the orientation of azobenzene on the surface,
which contrasts clearly with vertically aligned azobenzenes.38 Changes in the struc-
ture of azobenzene-TATA during irradiation were monitored by UV-Vis absorption
spectroscopy (in transmission mode on Au(111) thin films), and NEXAFS spectra were
recorded before and after each irradiation, with both techniques demonstrating photo-
chemical E-Z isomerisation (Figure 1.9). Notably, STM measurements did not show the
expected differences between irradiated and non-irradiated samples regarding inter-
and intramolecular distances, which shows that the technique could not be relied on
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for determining whether switching on gold had occurred.
Another example of the useful information that X-ray spectroscopies can provide

on the conformations of molecules on a surface is given by Nickel et al. in their
study on the photochemical switching of a spirooxazine on atomically flat Au(111).103

Changes in the K-edge X-ray absorption spectrum of nitrogen (only present in the
adsorbed molecules), assigned with the aid of DFT modelling, indicate switching of the
spirooxazine from its closed to its open form upon UV irradiation. Since damage by
the X-ray irradiation precluded kinetic analysis, the researchers turned to differential
UV-Vis reflectance spectroscopy which allowed for the observation of small changes
in absorption during irradiation (Figure 1.9). With this combination of techniques,
it was found that, at room temperature, thermal reversion back to the spirooxazine
closed form after photochemical ring-opening is in competition with desorption from
the surface, whereas ring-closing could be induced photochemically by excitation with
visible (red) light at 130 K.

Gas phase

Figure 1.9: (left) NEXAFS spectra of photochemical switching of azobenzene-TATA on Au(111)
by Rusch et al.,39 (middle) differential UV-Vis reflectance spectra of photochemical switching of
spirooxazine on Au(111) by Nickel et al.,103 and (right) HREEL spectra of TBI on Au(111) heated
to various temperatures by Mielke et al.104 Adapted in part from Rusch et al.,39 Nickel et al.,103,
and Mielke et al.,104 with permission from the American Chemical Society.

A combination of HREELS and STM enabled Mielke et al. to establish that an imine
analogue of azobenzene substituted with four tert-butyl groups, (E)-3,5-di-tert-butyl-N-
(3,5-di-tert-butylbenzylidene)aniline (TBI), has the opposite relative thermodynamic
stability of its trans- and cis- isomers when deposited onto a gold Au(111) surface.104

Deposition onto gold from solution, with a trans majority, resulted in the self-assembly
of the molecules with a likewise majority in the trans conformation. Heating of the
TBI-Au(111) sample for 2 minutes, followed by cooling to 100 K again for the recording
of HREEL spectra (Figure 1.9), resulted in double bond isomerisation to the cis state,
which turns out to be the stable isomer on Au(111).

A downside to the atomically flat substrates is the lack of surface enhancement of
Raman scattering – for this, one needs roughened surfaces, which will be discussed in
the next section.

1

25



Chapter 1. Molecular Switching on Surfaces

1.3.2. Nanoparticles and Rough Surfaces

As evident from their name, rough surfaces have a greater surface area than their smooth
counterparts. This means that a higher surface density of adsorbates can be achieved,
but also that the properties (e.g., orientations) are less well-defined. A major advantage
of rough surfaces, in regards to available spectroscopic tools, is the possibility to make
use of the surface enhancement of Raman scattering by the convenient plasmon reso-
nance energy of certain materials, e.g., gold, silver, and copper, as is done with surface-
and tip-enhanced Raman scattering (SERS and TERS) spectroscopy.33,60,62 SERS spec-
troscopy is particularly useful for studying molecules immobilised on nanoparticles,
whose behaviour is similar to planar roughened surfaces but possess an important
distinct aspect that determines physicochemical properties, namely, the dependence of
the electronic absorption and surface plasmon resonance on the microscopic structure
of the nanoparticles.105 Again, often the element of choice for fabricating nanoparticles
is gold, for the same reason stated above of readily formed Au-adsorbate bonds, and
also to the convenient surface plasmon energy of gold allowing the use of near-IR lasers.

The immobilisation of photoswitches on nanoparticles for use in functional materi-
als has received considerable attention in recent years, not least in the work of the Klajn
group discussed here. Nanoparticles have a considerably higher surface-to-volume
ratio than planar substrates, but the chemical behaviour of an immobilised switch is
still that of one on a surface. Advantageously, the size of nanoparticles is such that
they themselves often only have a modest effect on optical properties, and therefore
spectroscopic methods typically employed in solution studies, e.g., UV-Vis absorption
spectroscopy (Figure 1.10), can be used to probe structural changes of the molecular
switch.

Nanoparticles proved to be a convenient substrate to use to study the behaviour of
surface-bound molecular switches in a mixed monolayer environment with a non-photo-
switchable co-adsorbate.106 Under such conditions, a question arises as to whether
the switches are influenced only by the bulk solution in which the modified parti-
cles are suspended, or whether they should be considered being in a local ’solvent’
environment created by the surrounding co-adsorbate as well as other molecules of
the molecular switch and the double layer. Indeed, Klajn et al. found, using mixed
monolayers of azobenzene whose cis- and trans-isomers are easily distinguished by
UV-Vis absorption spectroscopy, that the local surface environment is of greater im-
portance than the bulk solvent properties in regards to the photochemical behaviour
of the immobilised switches, which allows for further tuning of the properties of the
functionalised nanoparticles by introducing a co-adsorbate. In particles coated with
mixed SAMs of azobenzene and alkylammonium bromide molecules, the difference in
polarity between the cis- and trans-isomers enables changes in the overall hydrophobic-
ity of the nanoparticles in water measured by the contact angle.106 In another report,
Klajn et al. characterised spiropyran-functionalised gold nanoclusters by 1H NMR spec-
troscopy after fabrication,90 but did not use this technique to monitor photochemical
switching. Besides the noted signal broadening due to the spiropyran being bound to
the nanoparticles,107,108 another constraint is likely to have been the concentration of

1

26



1.3.3. Self-Assembly and Self-Assembled Monolayers

Figure 1.10: a) Schematic representation of the reversible photochemical ring-opening and
-closing of an alkylthiol-substituted nitrospiropyran immobilised on Au25 nanoclusters, b) corre-
sponding UV-Vis spectra of immobilised nitrospiropyran on Au25 in THF before (black), after UV
irradiation (orange), and after subsequent storing in the dark (red-green), and c) comparison
with non-immobilised nitrospiropyran in THF before (black), after UV irradiation (orange), and
after subsequent storing in the dark (red-blue) showing a higher rate of thermal ring-closing.
Adapted in part from Udayabhaskararao et al.,90 with permission from WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.

the photochemically generated merocyanine isomer being below the detection limit.
Instead, the photochemically-induced ring-opening was observed using UV-Vis absorp-
tion and fluorescence spectroscopy (Figure 1.10), while dynamic light scattering (DLS)
enabled the detection of aggregates forming in toluene upon UV irradiation of the
spiropyran-functionalised nanoclusters.

One feature of nanoparticles that should not be forgotten is the build-up of electric
potential on the surface during continuous irradiation. This phenomenon has been
investigated in the field of plasmonic photocatalysis,109 but can have consequences as
well for any surface-confined molecule with a low enough redox potential. We go into
more detail on the plasmon-driven chemistry on gold nanoparticles in Section 1.4.2.

1.3.3. Self-Assembly and Self-Assembled Monolayers

Self-assembly of molecules onto a substrate is driven by intermolecular interactions,
which means that self-assembled monolayers (SAMs) are readily prepared by immersion
of a (pre-treated) substrate in a solution of a compound with an appropriate anchoring
group.110 Monolayers can be formed on many different materials, but since the reactiv-
ity of the sulfur atom with gold is so high and the resulting gold-sulfur bond so strong,
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gold is an often-used substrate for the fabrication of self-assembled monolayers in
combination with thiol- or disulfide-substituted compounds.111 As discussed above, an
obvious choice of characterisation method for these SAMs on (roughened) gold surfaces
would be SERS or TERS.

An important parameter involved with the reactivity of SAMs is the amount of
free volume available on the surface per molecule. For molecular switches, this plays
a particularly large role when switching between isomers with large changes in con-
formation, e.g., cis-trans isomerisation. The minimum area required for isomerisa-
tion of azobenzenes is ca. 45 Å2 molecule−1,112–114 and Zharnikov et al. showed
clearly the consequences of this critical limit with their study on dithiolane-substituted
azobenzene SAMs on Au(111).87 SAMs prepared from a solution containing mainly
trans-azobenzene did not exhibit photo-reactivity with respect to conversion to the
cis-isomer, whereas those prepared from predominantly cis-azobenzene were able to
undergo reversible cis-trans isomerisation. These results indicate a different manner of
self-assembly, and therefore different available free volume per molecule, between the
trans- and cis-isomer of azobenzene. The real time changes in isomerisation during irra-
diation were monitored using ellipsometry. The signal measured with this technique is
the phase shift (∆), which depends on factors such as packing density, film thickness,
and film geometry.70 The photo-isomerisation of azobenzene will result in a significant
structural change, which in turn induces changes in the phase shift, thereby providing
a simple means of monitoring switching between cis- and trans-isomer.

Kunfi et al. have reported the photochemical switching of azobenzene immobilised
on a quartz substrate functionalised by polydopamine layers supporting gold particles
(Figure 1.11).115 Despite the inherent electronic absorption by the gold nanoparticles,
the thin films allowed for characterisation of switching by UV-Vis absorption spec-
troscopy in transmission mode. This method is similar to that used by Zheng et al.,37

with the main difference that in the latter case the functionalised substrate was a thin
metal film as well (10 nm).

1.3.3.1. The Sulfur-Gold Bond
The study of binding of self-assembled monolayers onto gold surfaces is a multi-faceted
problem incorporating various theoretical and experimental approaches to characterise,
amongst other things, the nature of the gold-sulfur interaction,116,117 the various
binding modes,117,118 and the condition-dependent formation of monolayers (e.g., pH,
electric field, temperature).119 Computational studies focused on the gold-sulfur bond
have noted that the strong interaction between the gold and sulfur atoms results in a
weakening of the gold-gold bonds around the site of adsorption and, consequently, a
decrease of the barrier for surface diffusion of the "complex" formed by the adsorbate
and the gold atom.120 A notable conclusion drawn by Guesmi et al. is that for short-
chain alkanethiols the mobility of adsorbate-Au complexes is higher than for longer-
chain analogues due to weaker intermolecular interactions between the chains.117 SAMs
of molecular switches that are attached to gold with long alkyl chains, e.g., by Browne
et al. using spiropyrans,53 therefore should be relatively static.52

Simple thiols such as thiophenol and methanethiol have often been used as model
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Figure 1.11: (a) Schematic representation of the modification of a polydopamine-functionalised
quartz slide (Q-PDA) with Au nanoparticles (Q-PDA-Au), and pictures of the corresponding
changes in colour and (b) in solid-state UV-Vis spectra before (black), and after immersion
of Q-PDA in an aqueous solution of AuCl3 ·x3H2O for 1 h (red) and 3 h (blue), (c) Schematic
representation of azobenzene self-assembled on Q-PDA-Au, and (d) solid-state UV-Vis spectra of
Q-PDA-Au modified with an alkylthiol-substituted azobenzene before (black) and after irradiation
at 365 nm (blue). Adapted in part from Kunfi et al.,115 with permission from WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

compounds for studying the binding between sulfur and gold. Rajaraman et al. per-
formed a DFT study using a periodic approach to describe the Au(111) surface and
concluded that the adsorbed species can be described as a thiyl radical (RS•) bound to
gold.118 The rate of self-assembly onto surfaces such as gold is dependent on pH. For
thiophenol self-assembly, Tripathi et al. showed that, at low pH, the rate of formation is
limited by physisorption (i.e. electrostatic interaction between thiophenol and gold),
whereas at high pH the rate-limiting step is chemisorption (i.e. bond formation between
the sulfur and gold) because of the majority of the molecules being in the deprotonated
thiophenolate state.119

Since gold has a convenient surface plasmon energy (of ca. 600-1000 nm),60 an
obvious choice of technique for investigating the (change in) molecular structure of self-
assembled monolayers on (roughened) gold is surface-enhanced Raman spectroscopy
when using a laser with a resonant wavelength (e.g., 785 nm).121–123 An alternative
approach called directional Raman scattering was recently reported by Smith et al., which
does not rely on surface enhancement, and therefore enables recording of Raman spectra
of self-assembled monolayers on non-roughened gold surfaces.124,125 Computational
investigations using periodicity to simulate the surface of gold with adsorbed thiol-
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capped molecules were performed by Zayak et al. and show quantitative agreement
with experimental SERS spectra.99 Alternative methods without the use of periodical
calculations, but instead opting for gold clusters to simulate the gold surface, have
been used by Tetsassi Feugmo and Liégeois,126 and Saikin et al.,127 to obtain accurate
calculated vibrational spectra as well, due to the inclusion of multiple adsorption sites
and coordination modes.

1.3.4. Metal-Organic and Covalent Organic Frameworks

Figure 1.12: Highly crystalline and oriented thin films of metal-organic frameworks on surfaces
(SURMOFs) developed by Heinke et al. with the azobenzene photoswitch (left) incorporated into
the framework128 or (right) loaded into the pores of the MOF.43 Reproduced from Wang et al.,128

with permission from 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, and adapted in part
from Müller et al.,43 with permission from The Royal Society of Chemistry.

Metal-organic and covalent organic frameworks (MOFs and COFs) are distinct from
the other systems discussed here due to the absence of a bulk material that creates
a surface. Over the past years, MOFs and COFs have been shown to be excellent
frameworks for creating functionalised materials.129 Incorporation of photo-responsive
switching units in metal- and covalent organic frameworks is an attractive approach to
tuning the physical properties of these low-density structures using light.5

In contrast to 2D materials and thin films, the 3D structures allow for relatively
straightforward characterisation by a wide range of structural and spectroscopic tech-
niques, but present a particular challenge in optical characterisation and especially
when light is used to control properties at the same time. The high number density of
chromophores present, when used as a structural element, means that the penetration
depth for light, i.e. thickness where 1% transmission is reached, is of the order of 500
nm (assuming a molar absorptivity of 10,000 M−1 cm−1 and a concentration of 0.4
M).30 For microcrystalline material, 500 nm is a significant depth, and by irradiation at
the edge of an absorption band, depths of up to 10 µm can even be reached (provided
the photo-product does not increase overall absorbance at the excitation wavelength).
Hence, photochromic response can be expected well beyond the surface layers (the first
tens of nm). However, these depths make characterisation by standard spectroscopic
techniques challenging, such as UV-Vis and FTIR absorption spectroscopy, especially
when the material is not stable to solvent loss.29 Near-infrared (NIR) light, where
electronic absorption is negligible for most commonly used molecular switches, has
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advantages for characterisation by Raman spectroscopy (λexc > ca. 700 nm). However,
it must not be forgotten that many materials have vibrational overtone absorption
bands in these regions with molar absorptivities that are significant enough to result in
sample heating under the high local power densities used.

Since UV-Vis absorption spectroscopy is a key technique in characterising the state
of photochromes, overcoming the limitation of optical penetration depth is essential.
Heinke and co-workers, in a series of studies in recent years, have used so-called surface-
mounted MOFs (SURMOFs) in which MOFs are constructed on an optically transparent
surface as a thin layer – and can therefore be viewed as a nanoporous thin film (Fig-
ure 1.12).128,130,131 An example of these surface-grown MOFs is called HKUST-1,
consisting of trimesic acid, copper(II) acetate, and azobenzene as the photoswitchable
unit. Characterisation of HKUST-1 by X-ray crystallography was still possible and could
be used to establish its crystal structure before and after incorporation of azobenzene,
and after photochemical switching with UV light.43 The homogeneous distribution of
the azobenzene molecules within HKUST-1, measured by Time-of-Flight Secondary Ion
Mass Spectrometry (ToF-SIMS), indicates that the majority of the molecules are loaded
in the pores of the MOF. The film was sufficiently thin to allow for monitoring of the
photochemical switching during irradiation by both UV-Vis absorption spectroscopy
and infrared reflection-absorption spectroscopy (IRRAS). A further advantage of this
thin film approach is that it enabled the use of a quartz crystal microbalance (QCM)
to determine switching of the incorporated azobenzene indirectly by measuring the
uptake of butanediol, which is dependent on whether the azobenzene is in the less
polar (E) or more polar (Z) form.

These studies demonstrate elegantly how effective thin films can be in overcoming two
major challenges in studying MOFs. Firstly, the inner filter effect is avoided by keeping
the optical path length within acceptable limits, which makes SURMOFs accessible to
routine spectroscopic techniques. Secondly, since the net diffusion of gas molecules
is relatively fast only over short distances, the response of the systems is improved
by having relatively few layers, and the thin layers are perfectly suited to the quartz
crystal microbalance.

Heinke et al. have concluded from their studies that the reversible uptake or
adsorption of molecules in (existing) switchable azobenzene MOFs could be further
improved by increasing the density of azobenzene moieties in the pores. Indeed, of
several photo-switchable SURMOFs with various densities of azobenzene per pore
volume, the highest density examples exhibited a larger switchable uptake ratio of
probe molecules.132 Chiral versions of azobenzene-functionalised SURMOFs, using
D-camphoric acid as linker units (Figure 1.13), lent themselves to characterisation by
circular dichroism (CD) spectroscopy as well, in addition to the established techniques
of UV-Vis and FTIR absorption spectroscopy.133 Not unexpectedly, identical CD spectra
were found for the trans and cis states, since the chiral centers are separate from
the azobenzene groups in the MOF structure. Notably, QCM loading experiments
showed that, in the trans-azobenzene state before irradiation, the chiral SURMOF
performs preferential uptake of the (S)-enantiomer of a chiral probe molecule, while

1

31



Chapter 1. Molecular Switching on Surfaces

after irradiation to generate the cis-azobenzene isomer, the SURMOF did not show a
preference for either enantiomer.

When a SURMOF was placed between two electrical contacts, the photo-isomerisa-
tion of an incorporated spiropyran could also be (indirectly) measured by monitoring
the current over time while applying a constant DC voltage.134 Upon UV irradiation,
generating the open merocyanine isomer, the conductance increased, and it decreased
gradually again after removal of the light source to allow for thermal ring-closing back
to the spiropyran isomer. In general, conductance measurements should not be used as
characterisation of molecular switching due to the indirect method of observation, but
the technique is indeed suitable for the characterisation of macroscopic properties of a
system.

Thanks to the large free volume for movement for the pendant azobenzenes, the
azobenzene-functionalised SURMOF discussed above128 was found to be a useful model
system to study the energy barrier to thermal isomerisation of azobenzenes in different
media by localised surface plasmon resonance (LSPR) spectroscopy.135

Figure 1.13: Chiral SURMOF with D -camphoric acid linkers (horizontal) and azobenzene-
containing pillars (vertical) shown in (left) cis and (right) trans state. Adapted in part from
Kanj et al.,133 with permission from The Royal Society of Chemistry.

With the aim of obtaining a higher level of control over the switching rates of photo-
responsive MOFs, Shustova et al. prepared several frameworks with different link-
ers containing photoswitchable diarylethene or spiropyran units.136 Photochemical
switching, and thermal reversion in case of the spiropyran-functionalised MOFs, was
confirmed by UV-Vis absorption spectroscopy in comparison with that of the photo-
switches in solid state and solution. When the MOF contains linkers with a single
spiropyran unit, solution-like photo-switching behaviour is obtained. Alternatively,
when a different linker is used containing two photo-switching units, the spiropyrans
show limited photo-isomerisation more similar to that in solid state, which is attributed
to steric hindrance from proximity with each other in the framework.

UV-Vis-NIR reflectance spectroscopy was used by Chen et al. to study the reversible
redox-controlled motion of a mechanically interlocked molecule (MIM) incorporated
into a zirconium-based MOF,40 albeit indirectly by recording spectra before and after
chemical oxidation and reduction of the MIM-MOF powder suspended in a solution
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containing the respective oxidant or reductant. A characteristic broad charge-transfer
band at 1000 nm between two moieties of the interlocked rings, present in the neutral
state, disappeared after chemical oxidation and reappeared after subsequent reduc-
tion, indicating relative circular motion of the two rings of the MIM. No dilution of
the powder was necessary for the UV-Vis-NIR reflectance measurements, since the
chromophore constitutes only a small percentage of the entire MIM-MOF system – it is
inherently diluted in the framework to a sufficient degree. Deposition of the MIM-MOF
onto a conductive fluorine-doped tin oxide (FTO) substrate allowed for characterisation
of the redox chemistry by cyclic voltammetry, which showed a similar response as in so-
lution. Unfortunately, though not commented on by the authors, in situ electrochemical
switching monitored by UV-Vis-NIR reflectance spectroscopy was likely not possible
due to experimental challenges.

The photochemical switching of metal-organic frameworks loaded with spiroox-
azine were studied by Ruschewitz et al. by means of UV-Vis and IR spectroscopy.45

Spectra were recorded before and after UV irradiation of dilute solid samples prepared
by mixing and grinding of the spirooxazine-MOF with KBr in a 1:12 ratio, followed by
high-pressure compression into transparent pellets. This sample preparation allowed
for acquisition of both UV-Vis and IR absorption spectra in transmission mode.

Raman spectroscopy offers an alternate approach to characterising photochemical
switching in MOFs, making use of the change in molecular, and hence, vibrational
structure. This technique was used by Danowski et al. to demonstrate unidirectional
rotary motion of a light-driven molecular motor incorporated as a linker unit in a
metal-organic framework (Figure 1.14).29

The difficulty in this study was in identifying the functionality of the photochemi-
cally driven molecular motor. The challenge lay in the fact that the standard spectro-
scopic methods that would be used for such a system, such as UV-Vis and IR absorption
spectroscopy, were hampered by the need to keep the MOFs in solution at all times, lest
they lose their structure. Hence, diffuse reflectance methods were not applicable. In
this regard, non-resonant Raman spectroscopy proved useful as the signal measured
is not the difference in light intensity with and without sample (i.e. absorbance) but
purely the Raman scattering intensity. Hence, the primary inner filter effect is avoided.
However, the absorption of the solvent DMF and of the MOF at the applied laser
wavelength (785 nm) was sufficient such that a key challenge during measurement was
heating from the laser. This issue was solved by looking at the effect of the duration
and intensity of excitation by the laser during the measurements on the rate of the
thermal helix inversion (THI), i.e. the rate at which the system recovered after being
irradiated with light. By lowering the power, the observed rate for THI eventually
approached the value expected from molecular modelling and solution studies.29 The
results from this paper show that the amount of heat generated by a laser, even in an
apparently non-absorbing sample, can be sufficient to affect relatively slow thermal
processes. Furthermore, Danowski et al. show that the rate at which the motor is
working is essentially identical to that observed in solution, which confirms that there
is enough free space in the internal structure of the MOF for the functionality of the
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molecules to be retained. This has consequences for the concept of molecular viscosity
and viscosity in confined spaces.137

(c)(b)

(a)

Figure 1.14: (a) Microscopy image of crystals of a molecular motor incorporated into a MOF
(moto-MOF1), and a schematic representation showing the packing in the crystal, the elementary
cell, and the molecular structures of the linkers tetracarboxylic acid (TCPB) and the molecular
motor 1, (b) schematic representation of the structural changes of moto-MOF1 after photo-
chemical isomerisation and subsequent thermal helix inversion, and (c) changes in the Raman
spectrum (λexc 785 nm) before (black) and after 395 nm irradiation (red, solid), and after subse-
quent thermal isomerisation at 20 °C (red, dashed). Adapted in part from Danowski et al.,29 with
permission from Springer Nature.

Over and above, what the studies show is that vibrational spectroscopy is excep-
tional for its use in extracting structural information from a sample, since a change
in molecular structure directly results in a change in the shape of the Raman or IR
spectrum. As a final note, a challenge that needs to be highlighted since the samples
are aligned, is that there is a significant difference in the Raman spectra depending on
the orientation of the single crystal of a MOF relative to the polarisation of the laser
used.
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1.4. Case Studies

1.4.1. Tip-Enhanced Raman Spectroscopy of Hydrazone Switches on
Metal Surfaces

Hydrazone-based photochromic switches are a relatively recent addition to the category
of molecular switches developed by the group of Aprahamian.138,139 Their photochem-
ical switching properties were first explored in detail in solution,140 and subsequently
on several metal surfaces, namely gold, silver, and copper, by UV-Vis absorption and
tip-enhanced Raman scattering (TERS) spectroscopy, as well as by DFT calculations.37

The calculated Raman spectra of both Z- and E-isomers of an alkanethiol-substituted
hydrazone photoswitch (C6 HAT) are in good agreement with the Raman spectra of
both isomers collected in the solid state, and the solid-state Raman spectrum of the
Z-isomer agrees well with the TERS spectrum of a monolayer of C6 HAT on gold
before irradiation. These data exemplify the point that tip- or surface-enhanced Raman
spectra should match solid-state non-resonant spectra where the molecular structure
(conformations as well as bonding) in the SAM is essentially the same as in the solid
state. A key challenge in such studies is sample degradation due to the highly fo-
cused lasers used, and although the TERS spectra did not indicate degradation due to
laser heating, it was excluded with a positive control for thermal degradation using
temperature-programmed desorption mass spectrometry (TPD-MS).

Figure 1.15: (left) Thiol-substituted hydrazone photoswitch C6 HAT and its photochemical Z -E
isomerisation, and (right) UV-Vis absorption spectra of a C6 HAT SAM on Au before (black) and
after irradiation at 415 nm (red), and after heating at 50 °C in the dark for 16 h (blue). Adapted
in part from Zheng et al.,37 with permission from the American Chemical Society.

UV-Vis absorption spectroscopy of the monolayers was carried out on a 10 nm
thick film of the metal (Au, Ag, or Cu) on quartz. Preparation of the sample in this
way ensures that the metal substrate behaves chemically as a bulk metal but is still
optically transparent, which means that spectra can be obtained in transmission (see
also Section 1.2.2.1). For reference, UV-Vis spectra of the bare substrates were collected
before preparation of the self-assembled monolayers of C6 HAT onto the metal. After
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ex situ irradiation with violet light (410 or 415 nm), the absorption maximum of the
Z-form of the hydrazone SAM underwent a blue-shift which indicates Z-E isomerisation
(Figure 1.15). Heating the sample at 50 °C, which should induce back-isomerisation,
results in an incomplete shift back to the original absorption spectrum, as well as
a significant decrease of absorbance. These data indicate (incomplete) thermal E-Z
isomerisation, and the authors ascribe the decrease of absorbance to degradation caused
by heating of the sample. In regards to the sampling method, we note that the observed
decrease in absorbance after heating could be due to a change in position of the sample
as well.

All three metal surfaces used in this study were suitable for characterisation by
TERS spectroscopy. An important note to make is that the substrate preparation for
these measurements differ from that for the UV-Vis measurements discussed above,
where a film of 10 nm thickness was prepared by physical vapor deposition of Au, Ag,
or Cu onto quartz under high vacuum. For the TERS measurements, template-stripped
Au and Ag substrates were prepared by thermal evaporation of a 200 nm film onto
ultra-flat Si wafers, followed by attachment of a glass slide to the metal surface by UV-
curable glue, and subsequent stripping of the Si wafer before use.12 The Cu substrates
were prepared by evaporation of a 5 nm thick layer of Cu onto the surface of freshly
template-stripped Ag substrates.

SAMs of C6 HAT on both gold and copper underwent switching to the E-isomer
upon irradiation at 415 nm manifested in changes in their TERS spectra, although the
exact shift in band position is different to that observed in the solid state (e.g., 1562
vs 1580 cm−1 and 1704 vs 1730 cm−1 for solid-state and TERS spectra, respectively,
Figure 1.16). After heating of the SAMs on gold, while partial thermal recovery of
the initial Z-isomer was observed by reappearance of bands at 1430 and 1472 cm−1,
an explanation for the apparent absence of the characteristic band at 1506 cm−1 was
complicated by the lower signal-to-noise ratio of the TERS spectrum.

It is important to know the temperature at the surface of the metal substrate since
this has an influence on the photostationary state of C6 HAT SAMs that can be reached
due to the possibility of thermal E-Z isomerisation. The temperature was measured by
temperature-programmed desorption mass spectrometry (TPD-MS) during irradiation
of a C6 HAT SAM on Au at 415 nm. The temperature reached up to 45 °C after 15
min. The temperature at the apex of the silver tip (the so-called hotspot) used for TERS
spectroscopy is of interest for the same reason regarding the photostationary state as
well as thermally induced desorption (which occurs at 190 °C for C6 HAT on Au). Since
plasmon-induced heating increases with laser power, a low power (70 µW) was used for
all TERS measurements, which corresponds to a temperature at the tip apex of around
30 °C.141

These temperature measurements show that both during 415 nm irradiation and
during acquisition of TERS spectra no desorption is expected, and indeed none is
observed after irradiation. However, the temperature of 45 °C reached under irradiation
at 415 nm is close to that of 50 °C applied by the authors to induce thermal switching
back to the Z-isomer, which means that the temperature could have a significant
influence on the PSS415nm of C6 HAT SAMs on gold.
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Figure 1.16: (left) Solid-state spectra of C6 HAT before (black) and after irradiation at 415 nm
(red) and subsequently at 340 nm (blue). (right) TERS spectra of C6 HAT on Au before (black)
and after irradiation at 415 nm (red), and after subsequent heating at 50 °C for 16 h (blue). Blue
bars indicate Raman bands of Z -isomer; yellow bars of E -isomer. Adapted in part from Zheng et
al.,37 with permission from the American Chemical Society.

In contrast to the functionalised gold and copper surfaces, the photo-switchable
hydrazone molecules on silver were unaffected by irradiation at 415 nm. Only when
using a shorter wavelength light source (280 nm) did the TERS spectra also indeed
show the same characteristic bands of the E-isomer at 1580 and 1730 cm−1. A key point
to be derived from this work is that the observed lack of switching on silver at 415 nm
was not due to chemical degradation or reaction of the adsorbed molecules with silver,
but rather due to the optical properties of the surface and the respective surface energy
levels of the various metals.

Since both tip-enhanced Raman scattering spectroscopy and UV-Vis absorption spec-
troscopy were used by Zheng et al. to study switching of C6 HAT SAMs on metal
surfaces, a clear comparison can be made between the two techniques. The advantage
of (surface-/tip-enhanced) Raman spectroscopy over absorption spectroscopy of thin
films shown nicely here is that Raman spectroscopy does not require a reference signal
whereas absorption spectroscopy relies on the difference in signal intensities between a
sample and a reference in order to obtain spectra in transmittance. The signal intensity
of the reference is difficult to hold constant, especially when dealing with absorbances
of <0.01, and makes this technique experimentally challenging.

A benefit of TERS spectroscopy is that the STM tip can be moved around and can
therefore be used to record a two-dimensional TERS map in order to obtain statistical
information regarding the photochemical conversion of C6 HAT SAMs on a larger part
of the gold surface, in this case 1x1 µm2. The averaged TERS spectrum of this map
indicated the presence of 82% of the molecules in the E-form, calculated from the ratio
of Gaussian functions fitted to the bands at 1680 (Z) and 1730 (E) cm−1. This is in
agreement with the calculated probability of finding another (stronger) characteristic
band of the E-isomer, at 1580 cm−1, in the TERS map.
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1.4.2. Plasmon-Driven Chemistry on Gold Nanospheres

Figure 1.17: Plasmon-driven chemical processes of BPE on gold nanoparticles. Reproduced
from Sprague-Klein et al.,63 with permission from the American Chemical Society.

The various plasmon-driven chemical processes that can occur on gold nanopar-
ticles were studied by Van Duyne et al. using SERS spectroscopy of trans-1,2-bis(4-
pyridyl)ethylene (BPE) adsorbed onto gold nanosphere oligomers.63 In particular, the
effect of excitation into the plasmon band, in a region of the EM spectrum where the
photoactive molecules on the particles do not have electronic absorption, was probed
for its effect on the chemistry and structure of adsorbed molecules. Under these condi-
tions, adsorption site hopping, photochemical reduction, and trans-cis isomerisation of
BPE all occur (Figure 1.17), which explains the observed stochastic behaviour of the
SERS spectra during the measurement: several Raman bands appeared only in some
spectra (Figure 1.18).

The observation of these so-called fluctuations during pump-probe SERS measure-
ments, i.e. recording of a SERS spectrum (probe at λexc 785 nm) after irradiation (pump
at λexc 532 nm), is a good example of the care that should be taken with spectroscopic
measurements of photochemically active compounds on surfaces. Notably, the av-
eraged SERS spectrum resembles closely that of the initial spectrum of neutral BPE
before irradiation, which indicates that only a small percentage of molecules on the
surface undergo these plasmon-driven chemical transformations that are the cause of
the transient Raman bands.

Regarding the assignment of the transient species, the Raman band at 1555 cm−1,
there is good agreement between the resonance Raman spectrum of the BPE radical
anion in solution and the species produced on the nanospheres through plasmon-driven
electron transfer. The variation in peak intensities of this band at 1555 cm−1 are thought
to be due to differences in molecule-surface interactions, such as due to a changing
local potential142 or the excitation of dark plasmon modes.143 The stochastic behaviour
is attributed to the decay (i.e. oxidation back to neutral state, and degradation) and
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Figure 1.18: SERS spectra recorded during pump-probe measurements of BPE on gold
nanosphere oligomers by Sprague-Klein et al. depicting transient species with bands observed at
(A&B) 1553 cm−1 assigned to the BPE radical anion, (C&D) 1588 cm−1 and 1209 cm−1 assigned
to a change between face and vertex binding state of BPE to the gold cluster, and (E&F) 1222
cm−1 assigned to trans-cis isomerisation of BPE. Reproduced from Sprague-Klein et al.,63 with
permission from the American Chemical Society.

diffusion away from the high surface-enhancement sites, combined with the fact that
the BPE radical anion formed is resonant with the excitation wavelength of 785 nm
(while the neutral state is not), providing an additional mechanism of enhancement
(resonance and surface plasmon enhancement).

The authors raise the possibility of using an insulating silica coating on the gold
nanospheres to protect against build-up of charge during continuous irradiation.109 In
this case, it would be expected that no (or, at the least, less) reduction of BPE occurs
during SERS measurements and, indeed, there is a difference in extent of generation of
the BPE radical anion between silica-coated and bare gold nanospheres. 84% (2989 out
of 3612) of the transient spectral features in the time-dependent SERS measurements
were accounted for with known species, and the remaining signals were ascribed to
possible BPE decomposition species and the excitation of near-field plasmonic field
gradients.144,145
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1.4.3. Challenges in Characterising Switching on a Surface

Unproductive and undesired reactions of adsorbed molecules can occur upon func-
tionalisation of a surface, and can arguably make observations more difficult during
measurements attempting to gather information on molecular switching on the surface.
The non-zero chance of excitation at wavelengths where adsorbed molecules do not
show electronic absorption (judged from a recorded absorption spectrum), e.g., in the
near-IR, is due to two-photon absorption, which happens with low probability, but is
still observed at interfaces.73 For instance, the two-photon photochemical switching,
with near-IR light, of spiropyrans to a merocyanine form is well-documented,146–148

however, the power densities needed are typically generated only with pulsed laser
sources. Less expectedly, therefore, continuous wave lasers used for Raman spec-
troscopy can induce two-photon excitation when sufficiently focused, for example with
a 50- or 100-times microscope objective focusing 100 mW onto a spot of as little as <3
micron diameter. This was exemplified in the photochromic switching of a spiropyran
self-assembled monolayer on gold during the recording of surface-enhanced Raman
spectra with near-IR light.53

Combining techniques to study modified surfaces is advantageous in excluding
experimentally-induced effects and artefacts, i.e. non-innocence of the technique. In
regard to surfaces modified with (sub-)monolayers of compounds, in the range of tech-
niques that can be applied generally, X-ray photo-electron spectroscopy (XPS) stands
out as being highly versatile. However, caveats need to be made in such an approach, for
example, in the study of SERS active (also called "roughened") surfaces. Ivashenko et al.
showed that self-assembled monolayers of spiropyrans on electrochemically roughened
gold surfaces undergo reduction of the nitro group during XPS measurements but not
during SERS spectroscopic measurements (Figure 1.19).34 Exposure time-dependent
photoemission spectra of a model compound (a disulfide-terminated para-nitrophenyl
alkyl ester) confirmed that the residual hydrogen present in the atmosphere of the
XPS instrument was responsible and that, since reduction of the nitro group was not
observed on relatively atomically flat gold surfaces, the roughened bulk gold substrate
was responsible for an elevated activity towards reduction. A similar influence of the
conditions in an XPS sample chamber was reported by Barriet et al. when the partial
dehydration of 4-mercaptophenylboronic acid SAMs in ultra-high vacuum resulted in
boronic anhydride species on the gold surface.149

Soubatch et al. reported the tendency of azobenzene on Cu(111) to undergo N-N
bond cleavage to yield phenyl nitrene (Figure 1.19).150 The extent of dissociation
depends on the surface coverage – a sufficiently high density of azobenzene molecules
on Cu(111) leads to quantitative dissociation to form phenyl nitrene. In contrast,
dissociation was not observed on Ag(111). This difference in behaviour of azobenzene
was attributed to the stronger interaction between the photoswitch and the copper
surface resulting in surface-bound phenyl nitrene being the most stable structure.

In a related study, Piantek et al. show the difference in binding and conformational
structure of dimetacyanoazobenzene (DMC) on Au(111) and Cu(001).151 Molecules on
Au(111) show only physisorption, with the electronic structure similar to that calculated
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Figure 1.19: (left, top) Possible mechanism for reduction of a disulfide-terminated para-
nitrophenyl alkyl ester. (left, bottom) The N 1s photo-emission spectra of its SAM on a smooth
(a) and a roughened (b) Au/Cr/glass substrate and after exposure to electrons (c) with a kinetic
energy of 0.5 eV for 30 min in an XPS instrument. Adapted in part from Ivashenko et al.,34 with
permission from Elsevier B.V. (right, top) Schematic depiction of dissociation of azobenzene to
phenyl nitrene on Cu(111), and a 3D structural model of azobenzene in the adsorption geometry
that it adopts in the sub-monolayer regime. (right, bottom) N 1s photo-emission spectra of
a multilayer (MultiL), monolayer (ML), and sub-monolayer (subML) of azobenzene on Cu(111),
with free (gas-phase) azobenzene at 400.1 eV, azobenzene adsorbed onto Cu(111) at 397.6 eV,
and phenyl nitrene on Cu(111) at 396.3 eV. Adapted in part from Willenbockel et al.,150 with
permission from The Royal Society of Chemistry.

for the free molecule, while DMC on Cu(001) shows a mix of physi- and chemisorbed
molecules at 150 K and, after annealing at 250 K, adopts a fully chemisorbed state.
Furthermore, the higher the coverage of DMC on Cu(001), the more a butterfly-like
bent shape is adopted, until finally N=N bond breaking occurs.

The examples discussed above highlight the non-innocence of various commonly
used techniques and surfaces. Importantly, the relative importance of undesired effects
in the application of a technique depends on the specific surface under study.

1.5. Conclusions

From this overview of characterisation of molecular switching on surfaces it has become
clear that, no matter the technique of choice, there are limitations to the information
that can reliably be obtained from the measurements, since experimental conditions
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and sample preparation always have an influence on the system under study. It is imper-
ative to be aware of and understand the precise effects of the applied characterisation
method, and its combination with other parameters such as the adsorbed/immobilised
compound and the substrate that is functionalised. That is why investigations into
the more basic and fundamental phenomena are essential for researchers using those
characterisation methods to understand their functionalised surfaces.

Ideally, the technique used to study a system does not interfere significantly with
that system during a measurement. Therefore, in general, when one is looking for a
suitable means for characterising their functionalised surface, it is essential to search
the literature for reports using similar samples, to read in detail the experimental
requirements and challenges, and then to decide whether to use the same approach or
to try an alternative that shows more promise. In this light, the scientific community
benefits from thorough and detailed investigations into the interplay between technique,
substrate, compound, and experimental conditions, many of which have been discussed
here.
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Thesis Outline
This thesis covers primarily the use of electrochemistry and spectroscopy to understand
chemical reactivity. In Chapter 2, the potential dependence of the surface-enhanced Ra-
man spectrum of thiophenol, a standard model analyte, on roughened gold electrodes
is explored. Here, the effect of electrode potential on the SERS spectra is shown to be
indirect and primarily due to the effect of protons liberated during oxidation of water at
positive potentials. In Chapter 3, the redox and acid-base chemistry of the well-known
photochrome nitrospiropyran is investigated in detail on gold surfaces, demonstrat-
ing again the impact of pH changes on the stability of self-assembled monolayers of
nitrospiropyran, as well as redox-driven thermal isomerisations. In Chapter 4, focus
shifts from surfaces to the solution chemistry of spiropyrans, and the first example is
demonstrated of electrochemically driven ring-opening and -closing of a rationally de-
signed spiropyran. Chapter 5 explores the surface-confined electrochemical behaviour
of an analogue of the ditertbutyl-substituted spiropyran redox switch introduced in
the previous chapter, with a focus on characterisation of the species involved in the
switching cycle by various Raman spectroscopies, laying the foundation for future
surface-enhanced Raman spectroelectrochemistry measurements. Finally, the role of
proton-driven chemistry in solution is returned to in Chapter 6 with the elucidation
of the mechanism of Lewis acid activation of a manganese catalyst. The role of acid
in driving chemical processes is a line that runs through all chapters in this thesis
and the opportunities in combining electrochemical and spectroscopic techniques is
highlighted.
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