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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

1
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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.

S S
N

N
ON

SpiropyranAzobenzeneOvercrowded alkeneDiarylethene

NN

ON
S S

S

S

S

S

Anti-folded

Syn-folded Cis

Trans Spiropyran

Merocyanine

Open

Closed

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.

1
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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

1
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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
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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

1
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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

1
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Chapter 1. Molecular Switching on Surfaces

[Mn2
IV(µ-O)3(tmtacn)2](PF6)2

Mn MnO
O

O
N

N

N

N

N

N

IV IV

2+

(PF6)2

Before

After 785 nm
35 mW
3 s

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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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.

Raman spectroscopy at 785 nmUV-Vis absorption spectroscopy
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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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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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1.2.2.2. 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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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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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

1

15



Chapter 1. Molecular Switching on Surfaces

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
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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
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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

1

38



1.4.2. Plasmon-Driven Chemistry on Gold Nanospheres

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

1

39



Chapter 1. Molecular Switching on Surfaces

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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Chapter 2. pH-Induced SERS Spectral Changes of Thiophenol on Gold

Abstract

Thiophenol is a model compound in the study of the self-assembly of arylthiols on
gold surfaces. In particular, changes in the surface enhanced Raman scattering (SERS)
spectra of these self-assembled monolayers (SAMs) with a change of conditions, have
been ascribed to, e.g., differences in orientation with respect to the surface, protonation
state and electrode potential. Here we show that potential-induced changes in the SERS
spectra of self-assembled monolayers of thiophenol on electrochemically roughened
gold surfaces can be due to local pH changes at the electrode. The changes observed
during potential step and cyclic voltammetry experiments are identical to those in-
duced by acid-base switching experiments in a protic solvent. The data indicates that
the potential dependent spectral changes, assigned earlier to changes in molecular
orientation with respect to the surface, can be ascribed to changes in the pH locally
at the electrode. The pH at the electrode can change as much as several pH units
during electrochemical measurements that reach positive potentials where oxidation
of adventitious water can occur. Furthermore, once perturbed by applying positive
potentials, the pH at the electrode takes a considerable time to recover to that of the
bulk solution. It is noted that the changes in pH even during cyclic voltammetry in
organic solvents can be equivalent to addition of strong acids, such as CF3SO3H, and
such effects should be considered in the study of the redox chemistry of pH-sensitive
redox systems and potential-dependent SERS in particular.

2.1. Introduction

Self-assembled monolayers (SAMs) of thiols on gold surfaces have played a central
role in surface science since the 1980s with the seminal studies on gold surfaces by
Nuzzo and Allara,1 and Bain and Whitesides.2 The characterisation of these SAMs, for
example, packing density,3 mobility, and nature of the bonding between the thiols and
the gold surface, is ongoing, in particular efforts towards characterisation of binding
motifs on gold surfaces.4–6 The adsorption of thiophenol and its analogs are the focus
of many theoretical and experimental studies.4 Properties of most interest are the
nature of the bonding interaction between gold and sulfur, distinguishing between
physisorption and chemisorption,7–9 the stability and prevalence of the various binding
modes,5,8,10 and the dependence of thiophenol self-assembly on conditions (e.g., pH,
electrode potential, temperature).11

The details of binding of thiols to gold are still under debate – in particular the
protonation state of the thiol – and are complicated by the dependence of binding
and protonation state on solvent conditions as well as the nature of the alkyl/aryl
group. Computational studies on atomically flat surfaces indicate that thiols bind
primarily to gold together with an ad-atom,8,12–14 which is an atom of gold present
on top of the surface due to the strong Au-S bond. For short chain alkanethiols, the
relatively low energy of intermolecular interactions likely results in strengthening of
Au-S bonds with respect to Au-Au bonds, effectively increasing Au ad-atom mobility.8
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While the adsorption energy of thiophenol on gold is not known, Gibbs free energies
of adsorption have been reported for thiophenol on mercury,15 and platinum,16 and
theoretical calculations and comparisons with other thiols have led to an estimated
energy of 167.15 kJ mol−1 for the Au-S bond, a relatively large value indicating strong
chemisorption.17 On roughened gold surfaces, on the other hand, multiple adsorption
sites are available, and at room temperature the binding geometry is subject to thermal
fluctuations.18

Similarly, the protonation state of the thiol is not necessarily clear. The length of
the alkane in alkyl thiols was concluded to influence whether the thiol is protonated or
not, by Guesmi et al. based on DFT calculations, more specifically that longer-chain
alkanethiols favour retention of the S-H bond upon adsorption.8 Recently, Inkpen
et al. used electronic conductance in single-molecule junctions of various dithiol-
substituted compounds to determine the nature of the Au-S bond in self-assembled
monolayers prepared by solution deposition.7 They noted that measurements under
scanning tunneling microscopy break junction (STM-BJ) conditions and calculations
were not of an equilibrium state, but nevertheless provide information on the bonding
at equilibrium (i.e. chemisorption or physisorption), and concluded that the hydro-
gen/proton is not lost upon self-assembly onto gold during solution deposition from
1,2,4-trichlorobenzene at room temperature. For arylthiols, however, such solvation
effects are less likely to play a role and they are intrinsically more acidic than alkyl
thiols. Indeed, when immersed in proton-accepting solvent, the adsorbed thiophenol
can easily lose its proton to the surrounding solvent (i.e., solvent levelling, especially
when solvent contains adventitious water, e.g., in acetonitrile, or ethanol), resulting in
formation of a PhS-Au species (Scheme 2.1).19
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Scheme 2.1: Compounds and binding modes discussed in this work.

Amongst the wide range of techniques applied to date to study alkyl-/arylthiol
SAMs, vibrational spectroscopy is especially informative as it enables (changes in) the
molecular structure of adsorbed thiols to be probed. The surface plasmon of rough
gold surfaces provides for enhancement of Raman scattering intensity when excitation
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is resonant with the plasmon absorption band, referred to as surface enhanced Raman
scattering (SERS),20,21 overcoming the limitations in signal intensity arising from
the low number density of molecules in the confocal volume.22–24 For instance, the
dependence of the adsorption of thiophenol onto gold on various conditions (e.g., pH)
was studied by Tripathi et al. using SERS spectroscopy.11 The binding of thiophenol to
Au was found to be pH-dependent: at low pH the rate of SAM formation is limited by
the rate of physisorption, while at high pH the rate-limiting step is chemisorption due
to the majority of molecules being in the (deprotonated) thiophenolate state already in
solution (PhS-Au, Scheme 2.1).11

The SERS spectrum of PhS-Au SAMs are distinctly different to those of neat PhSH,
in terms of the Raman shifts of specific bands. These differences were attributed by
Szafranski et al. to the orientation of the aromatic ring with respect to the surface.25

Carron and Hurley drew a similar conclusion and related a difference in ratio of two
Raman bands of thiophenol adsorbed to gold, silver, and copper, to different axial and
azimuthal angles of the molecule with respect to the surface.26

The effect of electrode potential on thiophenol SAMs is of interest also. Holze
reported an increase in SERS intensity and concomitant shift to lower wavenumber
of the Au-S bond (265 cm−1) at more positive potentials in HClO4 (aq.).27 In contrast,
in KClO4 (aq.), the same Raman band shifts to higher wavenumbers upon cycling to
positive potentials, which was rationalised by the presence of the deprotonated thiol
species (PhS-Au) at higher pH, which binds more strongly. Although not commented on
specifically, the SERS data indicate a change in ratio of the bands at 1000 and 1025 cm−1

during cyclic voltammetry. The spectral changes during cyclic voltammetry described
by Holze,27 were noted by Yokota et al. also in studies with thiophenol as a standard for
tip-enhanced Raman scattering (TERS) spectroelectrochemistry.28 Changes in relative
intensities and peak positions of Raman bands around 1000 cm−1 were observed at
potentials close to that of oxidative desorption of the PhS-Au SAM (0.7 V vs Au, i.e.
1.15 V vs Ag/AgCl). More precisely, the relative intensity of the band at 1025 cm−1

increased versus that at 1000 cm−1 as the electrode potential was cycled from 0.05 to
1.05 V (vs Ag/AgCl). Hong et al., however, noted variation in intensity of the bands at
1000 and 1025 cm−1 as a surface was scanned using TERS spectroscopy,29 and hence,
although the intensity of these bands are likely to be sensitive to structure and charge
transfer interactions between the molecules and substrate, it remains unclear as to the
specific changes in conditions that are responsible.

Here, we show that the changes in the SERS spectrum of thiophenol SAMs on
gold during cyclic voltammetry are identical to those induced by deliberate increase of
proton concentration through addition of strong acid, and we ascribe this to a significant
increase in proton concentration at the electrode at positive potentials where oxidation
of water occurs. The reversible change in relative intensities of the characteristic bands
at 1000 and 1025 cm−1, noted in the earlier data reported by Holze,27 and by Yokota et
al.,28 and the associated change in molecular structure, conformation, or orientation,
show therefore the relation with a substantial change in local pH at the electrode
where the self-assembled monolayers are located. The effect of pH on the relative
intensity of the bands also enables real-time monitoring of the local pH at electrodes
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during potential step experiments and cyclic voltammetry, and we show that in organic
solvents the change in local pH can be equivalent to the addition of strong acids such
as trifluoromethanesulfonic (triflic) acid.

2.2. Results & Discussion

The SERS spectrum of thiophenol SAMs on roughened beads in air and immersed
in solvent (water, ethanol, or acetonitrile) are equivalent and consistent with those
reported earlier (Figure S2.7 and Table S2.1).19,26,27 The spectra differ substantially
from the non-resonant Raman spectra of thiophenol neat and in solution. In particular,
the bands at 1585 and 1092 cm−1 in the spectrum of neat thiophenol shift, respectively,
to 1575 and 1073 cm−1 in the surface-enhanced spectra, consistent with a change in
structure (coordination of the sulfur to gold). Comparison of SERS spectra of a number
of PhS-Au SAMs, prepared from various stock solutions and using different roughened
gold beads (Figure S2.7), reveals a variation in the relative intensities of the bands at
1000 and 1025 cm−1 as noted earlier by Yokota et al.,28 whom attributed the differences
to structure and charge transfer from the adsorbed thiophenol to the gold surface,
however a correlation could not be drawn between the relative intensities of these
bands and the conditions used to prepare the SAMs. These observations prompted us to
examine first the effect of coordination of thiophenol to copper and gold on its Raman
spectrum, and then establish a correlation between conditions and spectral changes in
the SERS spectra of thiophenol SAMs on gold.

The complexes AuSPh,30,31 and CuSPh,26 see Scheme 2.1, prepared according to
literature procedures, were characterised by Raman spectroscopy (Figure S2.1) The
Raman spectrum of the CuSPh complex obtained is essentially identical to that of
AuSPh and both show substantial differences to the spectrum of PhSSPh, not least
the lack of the S-S stretch at 544 cm−1 (Figure S2.1).25,26 Both Raman spectra are in
agreement with those reported for CuSPh, AgSPh, and AuSPh by Carron and Hurley,26

and demonstrate how small a difference the nature of the metal thiophenolate has on
its vibrational spectrum despite the difference in polarisation of the Cu-S and Au-S
bond predicted for thiolate complexes.32

The Raman spectrum of AuSPh was observed to change over time during spectral
acquisition with an increase in overall spectral intensity and a change in relative band
intensity and position. Indeed, over a relatively short time (ca. 4 s) the Raman spectrum
changed to match that of the SERS spectrum of PhS-Au SAMs (Figure S2.4). These
changes were not observed when the laser power was reduced from 30 to 1 mW at
the sample even with prolonged exposure times. It was suspected that in situ thermal
reduction of the complexes to form thiophenol-coated Au nanoparticles was responsible
for these changes. Indeed, Demessence et al. have reported such reduction of a (Au-
SPh)n coordination polymer under calcination conditions combining high pressure
and high temperature.33 Raman spectra of a solid sample of AuSPh, recorded with
sufficiently low laser power to avoid sample heating, before, during, and after heating
in a microscope heating stage showed a substantial increase in spectral intensity and
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a change in the position and relative intensity of the bands upon reaching 180 °C,
eventually yielding a spectrum that matches the SERS spectrum of thiophenol on gold
also (Figure 2.1). The ATR-FTIR spectrum of the thermally treated sample was, however,
essentially identical to that of the initial compound, apart from a new unassigned band
at 1730 cm−1 (Figure S2.5), indicating that the bulk sample was only slightly affected
by heating and that the SERS enhancement due to reduction of a minor amount of the
gold present to form nanoparticles was sufficiently strong to overwhelm the Raman
scattering of the remaining bulk material. It is of note that, before heating, the ratio of
the Raman bands at 1000 and 1025 cm−1 was consistent with SERS spectra obtained
under basic conditions, while after heating-induced changes to the sample, the ratio
resembled those under acidic conditions (vide infra).
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Figure 2.1: (left) Intensity of several Raman bands of the AuSPh complex over time during
heating in a microscope heating stage. The temperature increased monotonically from 160 °C
to 180 °C between 700 and 825 s (black box) and was held at 180 °C until 875 s (solid red box)
and thereafter allowed to cool rapidly (dashed red box). (right) Raman spectra (λexc 785 nm) of
the AuSPh complex before (black) and after (red) heating to 180 °C. The spectra are normalised
and offset for clarity.

The protonation state of thiophenol in solution is readily controlled by addition
of base. For neat thiophenol, the band at 2575 cm−1 is assigned to the S-H stretching
mode.25,27,34 Addition of base (triethylamine, Et3N) to a 0.5 M solution of thiophenol
in CH3CN results in a decrease in intensity of this band consistent with partial deproto-
nation (Figure S2.6). Further significant differences are the appearance of new bands at
966 cm−1 and 1170 cm−1, and the shift of the bands at 1095 and 1585 cm−1 to 1083 and
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1575 cm−1, respectively (Table S2.1). The shift to lower wavenumber is consistent with
deprotonation of thiophenol and moves the bands closer to their position in spectra of
SAMs of thiophenol on gold, i.e. at 1075 and 1575 cm−1 (Figure S2.7).

2.2.1. pH Dependence of Thiophenol SAMs

SERS spectra of PhS-Au SAMs show several subtle but notable changes as pH is varied:
variation in the ratio of intensities of the Raman bands at 1000 cm−1 and 1025 cm−1,
and changes in Raman shift of the bands at 1075 and 1575 cm−1 (Figure 2.2, and
corresponding full spectra in Figures S2.8 and S2.9). The change in ratio of intensities
of the two bands is seen to a greater extent when induced by addition of CF3SO3H
(TfOH, triflic acid) or triethylamine (Et3N) to the acetonitrile in which PhS-Au SAMs
on roughened gold beads are immersed. The ratio I1025/I1000 increases upon addition of
TfOH and reverts to its original ratio after subsequent addition of base. Concomitantly,
the band at 1075 cm−1 shifts to approximately 1071 cm−1 after addition of triflic
acid, and back to 1075 cm−1 after addition of base. The same happens to the band
at 1575 cm−1, but to a lesser extent, exhibiting a reversible shift of ca. 2 cm−1 (see
Figures S2.8 and S2.9).
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PhSH on Au colloid
H2O (pH = 7)
aq. H2SO4 (pH = 0)
aq. KOH (pH = 13)
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Figure 2.2: (left) SERS spectra (λexc 785 nm) of PhSH on aggregated gold colloid in H2O (black)
at pH = 0 (red) and pH = 13 (blue). (right) SERS spectra (λexc 785 nm) of PhS-Au on a roughened
gold bead in CH3CN before (black), after addition of TfOH (red), and after subsequent addition
of Et3N (blue). The spectra are normalised and offset for clarity. For full spectra range see
Figures S2.8 (colloids) and S2.9 (SAM on gold bead).

It should be noted that, although triethylamine (Et3N) has a Raman band at 1000
cm−1, it has more intense bands at 1068 cm−1 and 1452 cm−1 (Figure S2.6), neither
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of which are observed in the SERS spectrum (Figure 2.2 (right, blue)) and hence the
contribution of Et3N to the intensity observed at 1000 cm−1 is negligible. Temperini et
al. noted pH induced changes in the SERS spectra of SAMs of thionicotinamide and
thioisonicotinamide on gold and attributed these to changes in the protonation state of
the (non-bound) amino group.35 The change in pH required to induce changes in the
SERS spectrum of thiophenol (pKa (aq.) of 6.5-8.0)11 is substantial, as demonstrated by
the relative invariance of the spectrum obtained on aggregated gold colloid in neutral,
basic (pH 13) and acidic (pH 0) water, and hence substantial changes are only observed
in aprotic solvents with strong acids such triflic acid.

The Raman bands of interest are assigned to their respective vibrational modes
by comparison with the calculated Raman spectra of protonated and deprotonated
thiophenolato Au4 clusters (Figures 2.3 and S2.10, and Table S2.2). Earlier studies by Li
et al., using a monometallic complex as computational model,19 led to the assignment
of the band at 1000 cm−1 to ring out-of-plane deformation and C–H out-of-plane bending,
the band at 1025 cm−1 to ring in-plane deformation and C–C symmetric stretching, the
band at 1075 cm−1 to C–C symmetric stretching and C–S stretching, and the band at 1575
cm−1 to C–C symmetric stretching. Indeed, our assignments are in qualitative agreement,
with the band at 1000 cm−1 corresponding to a ring breathing mode, and the other
three bands primarily involving C-H wagging, with the inclusion of a C-S stretch for
1075 cm−1 and a C-C stretch for 1575 cm−1.

1012

1000 1025

15751075

1091

1041

16121091

Figure 2.3: Characteristic vibrational modes of computational model PhS-Au4 (black) and
the corresponding experimental SERS bands of PhS-Au SAMs (red). The calculated values (in
cm−1) are of the Raman bands after Gaussian broadening, which produces a single band for the
frequencies at 1090.98 and 1094.8 cm−1. A scaling factor was not applied to the calculated
frequencies.

Li et al. conclude from the similarities between the SERS spectrum of PhSH on Au
colloid with the calculated Raman spectrum of their monomeric computational model,
and the lack of the predicted S-H stretching and CSH bending modes (at 2571 and 901
cm−1, respectively), that the adsorbed species on gold colloid is indeed deprotonated. A
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band at 933 cm−1 assigned by Holze as due to a CSH bending mode of PhSH-Au under
acidic conditions is due to the Cl=O stretching mode of the ClO–

4 ion (see Appendix
for details).27 It should be noted that Wan et al. do not observe the S-H stretch in the
FTIR spectrum of thiophenol adsorbed onto Au(111) also.36 Since the SERS spectra of
PhS-Au SAMs reported here do not show characteristic bands for a protonated sulfur
atom either, even in acidic media (Figures S2.7, S2.8, and S2.9), we draw the same
conclusion that the adsorbed thiophenol molecules are deprotonated.

Our calculations predict a similar change in relative intensities of the Raman bands
at 1000 and 1025 cm−1 upon addition of a proton to the system, i.e. the ratio 1000/1025
cm−1 decreases upon going from PhS-Au4 to PhSH-Au4 (Figure S2.11), as is observed
experimentally upon acidification of the medium in which a PhS-Au SAM is immersed.
On the other hand, the calculated Raman bands of the neutral deprotonated thiophe-
nolato gold cluster (PhS-Au4), associated with the experimental bands at 1075 and
1575 cm−1, shift to higher wavenumber for the cationic protonated system (PhSH-Au4,
Figure S2.11 and Table S2.2), while the opposite is observed experimentally for PhS-Au
SAMs in acidic media (vide supra).

This inconsistency between theory and experiment, combined with the change of
the Au4 cluster from tetrahedral to a flat diamond-like geometry upon addition of a
proton to the structure (Figure S2.10), demonstrate that this computational model is
insufficient for obtaining accurate calculated Raman spectra of a protonated, and there-
fore positively charged, thiophenolato-gold system. Tetsassi Feugmo and Liégeois also
calculated the vibrational spectra of adsorbed thiophenol on multi-atomic gold clusters,
and showed good general agreement with experimental spectra, albeit less good in the
region of interest around 1000 cm−1 (i.e. the bands at 1000 and 1025 cm−1).37 Notably,
the authors showed that a change in the orientation of the thiophenolato moiety, with
respect to the gold cluster, produced changes in Raman band intensities, and indeed,
the optimised geometry of PhSH-Au4 in the present study exhibits a smaller C-S-Au
angle than PhS-Au4. In conclusion, while the experimentally observed changes in
relative intensities can be reproduced to a certain extent by computational models, it
is clear that the employed gold clusters are inadequate representations of a bulk gold
surface, in particular when introducing a positive charge to the system, e.g., a proton.
Hence, while the changes observed could be correlated to changes in orientation, it
is unclear whether protonation or rather a change in local pH or local electric field
stimulates this change.

An alternative approach to describing a gold surface, in which introduced charges
can be delocalised, is to make use of periodicity in a computational model. Zayak et
al. achieved quantitatively accurate results in this way, for calculated Raman spectra
of thiophenol on planar Au(111) surfaces in comparison with experimental SERS
spectra.18 Such a periodical computational method seems promising for obtaining
meaningful values for the Raman shifts and intensities of adsorbed thiophenol in
both the deprotonated and protonated state. It should be emphasised that, for any
comparison between computed and experimental intensities, there will be differences
due to the dependence of the experimental values on the experimental aspects (e.g.,
angle of incidence, polarisation of beams), whereas the simulations are an average of
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these parameters.37

2.2.2. Raman Spectroelectrochemistry

Although Wan et al. report the desorption of PhS-Au at potentials more positive than
1 V,36 destructive oxidation of the underlying Au surface to AuCl4, due to the presence
of chloride in the perchlorate electrolyte used in that study, is likely to catalyse this
process. In our present studies, using chloride-free electrolytes, such desorption was not
observed, with only minor but significant changes overall in the SERS spectrum during
cyclic voltammetry in acetonitrile up to 0.9 V or 1.2 V (Figures 2.4, 2.5 and S2.12), and
in KClO4 (aq.) or HClO4 (aq.) (Figures S2.12, S2.13 and S2.14)
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Figure 2.4: (left) Changes in ratio of intensities of the Raman bands at 1000 cm−1 and 1025
cm−1 (circle) during cyclic voltammetry of PhS-Au in CH3CN with 0.1 M TBAPF6. Potential is
indicated by colour from 0.0 V (black) to 0.9 V (red) vs Ag/AgCl. (right) Corresponding SERS
spectra (λexc 785 nm) at 0.0 V (black) and 0.9 V (red).

Specific changes to relative band intensities show close correspondence to changes to
the SERS and Raman spectrum observed upon addition of acid or base to the electrolyte
(Figure 2.2, vide supra). In particular, the relative intensity of the bands at 1000 and
1025 cm−1 shows a small but reproducible change as the potential reaches 0.9 V, with
the band at 1025 cm−1 gaining intensity relative to the band at 1000 cm−1. The original
ratio of intensities is recovered after the potential has returned to 0.0 V (Figure 2.4).

Noticeable secondary, but slight, changes to the SERS spectrum at different po-
tentials are the few-wavenumber shifts to lower frequencies of the Raman bands at
1075 and 1575 cm−1, both in acetonitrile (Figures 2.5 and 2.6) and in aqueous media
(Figures S2.13, S2.14 and S2.15).

A potential step experiment exhibits more rapid spectral changes (Figure 2.6), ca.
3 s vs ca. 100 s during cyclic voltammetry, which are a consequence of the equilibria
involved and mass transport by diffusion. During cyclic voltammetry, the gradual
change in potential results in a likewise gradual change in proton concentration at the
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Figure 2.5: SERS spectra (λexc 785 nm) of PhS-Au at 0.2 V (black) and 1.2 V (red) vs Ag/AgCl
during cyclic voltammetry (three cycles, top to bottom) in CH3CN with 0.1 M TBAPF6. Spectra

are normalised on the band at 1575 cm−1 and offset for a better comparison. Asterisk denotes
CH3CN Raman bands.

surface, while the rate of proton diffusion away from the gold surface is the same as
during potential step experiments, resulting in a continuously changing SERS spectrum.
In contrast, applying a sudden change in potential from the open circuit potential to
one in which water oxidation can proceed, rapidly lowers the pH at the electrode as the
Nernst diffusion layer is not fully established in this case.

The observation of identical changes in the SERS spectrum of a PhS-Au SAM both
during cyclic voltammetry and during acid-base cycling is consistent with changes in
pH at the electrode, possibly inducing variations in molecular orientation proposed
earlier.25,28,37 Indeed, oxidation of adventitious water at the roughened gold electrode
(at >0.8 V vs Ag/AgCl) will result in an increase in proton concentration (i.e. lower
pH) at the surface. The change in ratio of the bands at 1000 and 1025 cm−1, as well as
the shifts in frequency of the bands at 1075 and 1575 cm−1, are a direct manifestation
of the local pH change and are therefore useful indicators of local pH. During the
return cycle to lower potentials, although protons are no longer generated, the rate
of increase of pH at the electrode surface towards that of the bulk solution is limited
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Figure 2.6: (left) Changes in ratio of intensities of the Raman bands at 1000 cm−1 and 1025
cm−1 (circle) and the changes in Raman shift of the bands at 1075 cm−1 (square) and 1575 cm−1

(triangle) of PhS-Au in CH3CN with 0.1 M TBAPF6 during a potential step experiment between
0.2 V (black) and 1.2 V (red) vs Ag/AgCl. (right) Corresponding SERS spectra (λexc 785 nm) of
PhS-Au at 0.2 V, 1.2 V, and at 0.2 V again (top to bottom).

by diffusion of solvent and general acid present. Hence, although the SERS spectrum
reverts to its initial state as the potential becomes less positive, and therefore the
electrochemically-induced spectral changes are overall reversible, the rate of change is
diffusion-limited.

2.3. Conclusions

In this contribution we show that the SERS spectrum of thiophenol on gold is sensitive
to the local pH, i.e. the pH at the surface, manifested in subtle changes to the relative
ratio and position of certain bands. We show that several band assignments made in
earlier studies need to be reconsidered. In particular, the assignment of variations
in the SERS spectra of thiophenol to orientation with respect to the surface should
also consider the driving force that induces this change. Beyond specific assignments,
the changes observed during cyclic voltammetry, together with studies of acid-base
cycling of the SAMs on roughened gold bead electrodes, show clearly the relation
between positive applied potentials (where oxidation of water can occur) and transient
decreases in pH that match those achieved by addition of strong acids such as triflic acid.
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Furthermore, our calculated Raman spectra of a tetrahedral gold cluster complexed
with a thiophenolato moiety show conflicting results upon introduction of a proton to
the system, both indicating that the experimentally observed spectral changes could
be due to changes in orientation of the thiophenol moiety with respect to the surface,
as reported before, and that this computational model does not describe properly
self-assembled monolayers of thiols on gold surfaces when introducing extra charges,
i.e. protons. Further computational work incorporating periodicity is expected to
improve the accuracy in predicting (changes in) Raman intensities which were not
readily explained by our applied model.
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Experimental Details

Methods

Reagents and solvents were obtained from Sigma-Aldrich and used as received unless
stated otherwise. Copper26 and gold30,31 complexes of thiophenol were prepared using
reported procedures (see Synthetic Procedures). The gold complex (AuSPh) was prepared
by addition of excess thiophenol to a solution of HAuCl4 ·xH2O in a water/methanol
mixture. The copper complex (CuSPh) was prepared similarly from CuCl2. The
Raman26,33 and FTIR38 spectra of the compounds obtained were consistent with spectra
reported earlier (Figures S2.1 and S2.2).

Gold beads were prepared by melting gold wire in a butane flame. The beads were
roughened electrochemically using a literature procedure39 with a CH Instruments
760C bipotentiostat, and verified optically as a darkening of the surface of the gold
electrode (Figure S2.3). Self-assembled monolayers formed upon immersion in ethanol
or acetonitrile containing thiophenol (0.1 M). The gold colloid suspension in water was
prepared according to the citrate method.40 Addition of thiophenol (1 µL) to 2 mL of
aqueous Au colloid in a quartz cuvette with gentle mixing was followed by addition of
conc. aqueous H2SO4 to bring the pH to ca. 0.5, and a Raman spectrum was recorded.
The procedure was repeated, except that conc. aqueous KOH was added to bring the
solution to pH ca. 13.

Raman spectra were recorded with excitation at 785 nm using an Olympus BX51
microscope equipped with a fiber coupled laser (BT785, ONDAX) and a fiber coupled
Shamrock163i spectrograph and iVac-DLL CCD camera and 235 line/mm grating with
750 nm blaze. The power at the sample was varied from 1 to 300 mW and was typically
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2-5 mW. Heating of solid samples was carried out in a TG84 instrument (Mettler
Toledo) with optical access for Raman spectral measurements at 785 nm. Electrode
potential was controlled with either a CHI760c or CHI604E potentiostat, platinum
counter electrode and SCE or Ag/AgCl reference electrode.

Density functional theory (DFT) geometry optimisations and frequency calcula-
tions of the Au4-thiophenolato clusters were performed with ORCA 5.0.3,41,42 using
the default optimisation algorithm. Firstly, the gold clusters were optimised at the
B3LYP/def2-SVP level,43,44 using the default def2-SVP effective core potentials (ECPs)
for the Au atoms, with the def2/J auxiliary basis set,45 as well as electron smearing at
5000 K to aid SCF convergence. Next, the thiophenolato unit (-SPh or -SHPh) was added
and the molecular geometry was optimised at the aforementioned level while keeping
the gold atoms frozen. Finally, the whole system was optimised at the B3LYP/ZORA-
def2-TZVP level with a SARC/J auxiliary basis set,45,46 and with a conductor-like
polarisable continuum model (CPCM)47 of acetonitrile. See Computational Details for
further details.

Synthetic Procedures

Gold thiophenolate
The AuSPh complex was synthesised according to the procedure reported by Dyad-
chenko et al. using thiophenol and tetrachloroauric acid.30,31

A solution of thiophenol (99 mg, 0.9 mmol) in methanol (2 mL) was added slowly,
over a few minutes, to a stirred solution of HAuCl4 ·xH2O (65 mg, 0.19 mmol) in a
mixture of water (1 mL) and methanol (4 mL), during which a white precipitate formed.
The reaction mixture was stirred for 1 h, after which the white, milky suspension was
filtered over a paper filter. The light-yellow residue was washed with methanol (5 mL),
acetone (5 mL), and diethyl ether (5 mL), and dried in air overnight, yielding 39 mg
(0.13 mmol, 70%) of AuSPh as a yellow powder.

Copper thiophenolate
The CuSPh complex was synthesised according to the procedure reported by Carron
and Hurley using thiophenol and copper(II) chloride.26

Thiophenol (neat, 1.78 g, 16 mmol) was added to a solution of CuCl2 (203 mg,
1.5 mmol) in H2O (10 ml), upon which immediately yellow precipitate formed. The
reaction mixture was stirred for 1.5 h and subsequently filtered over a paper filter.
The yellow residue was washed with methanol (30 ml) and then dried in air overnight,
yielding 7 mg (0.04 mmol, 3%) of CuSPh as a yellow powder.

The solid state Raman spectrum (λexc 785 nm) of the product CuSPh is in agreement
with that reported by Carron and Hurley,26 but shows a residual small impurity of
diphenyl disulfide as evidenced by the S-S stretch at 542 cm−1 (Figure S2.1).48,49
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Figure S2.1: Solid-state Raman spectra (λexc 785 nm) of AuSPh (black), CuSPh (red), and
PhSSPh (blue). The spectra are normalised and offset for clarity.
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Figure S2.2: ATR-FTIR spectra of AuSPh (black), CuSPh (red), and PhSSPh (blue). The spectra
are normalised and offset for clarity.
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Figure S2.3: Microscope image (50x) of the electrochemically roughened surface of a gold bead.
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Raman shift (cm 1)

AuSPh complex

after laser-induced heating

after heating to 180 °C
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* * *

Figure S2.4: (left) Solid state Raman spectra (λexc 785 nm) of the AuSPh complex before (black)
and after laser-induced heating (red) and thermal heating to 180 °C in a microscope heating
stage (blue), compared to the SERS spectrum (λexc 785 nm) of a PhS-Au SAM on a roughened
gold bead in CH3CN (gray). The spectra are normalised and offset for clarity. Asterisk denotes
CH3CN solvent bands. (right) Microscope image (50x) of the AuSPh sample after laser-induced
heating.
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Figure S2.5: ATR-FTIR spectra of the AuSPh complex before (black) and after (red) heating to
180 °C in a microscope heating stage. The spectra are normalised and offset for clarity.
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Figure S2.6: Raman spectra (λexc 785 nm) of 0.5 M PhSH in CH3CN before (black) and after (red)
addition of Et3N. Spectra of CH3CN (grey) and Et3N in CH3CN (blue) are added for reference.
The spectra are normalised and offset for clarity. Asterisk denotes CH3CN bands. Hash denotes
Et3N bands.
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Figure S2.7: Raman spectrum (λexc 785 nm) of 0.5 M PhSH in CH3CN (red), and SERS spectra
(λexc 785 nm) of PhS-Au SAMs on roughened gold beads (black), (a) under dry conditions (no
solvent), (b) in CH3CN, and (c) in CH3CN with 0.1 M TBAPF6. The spectra are normalised and
offset for clarity. Asterisk denotes CH3CN solvent bands.
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Figure S2.8: SERS spectra (λexc 785 nm) of PhSH on aggregated gold colloid in H2O (black) at
pH = 0 (red) and pH = 13 (blue). The spectra are normalised and offset for clarity.
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Figure S2.9: SERS spectra (λexc 785 nm) of PhS-Au on a roughened gold bead in CH3CN (a)
before, (b) immediately after addition of TfOH, (c) after waiting several minutes, and (d) after
subsequent addition of Et3N. The spectra are normalised and offset for clarity. Asterisk denotes
CH3CN bands.
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Figure S2.10: Characteristic vibrational modes of computational model PhSH-Au4. The values
(in cm−1) are of the Raman bands after Gaussian broadening, which produces a single band for
the frequencies at 1615.73 and 1617.24 cm−1. A scaling factor was not applied to the calculated
frequencies. See Table S2.2 for comparison with deprotonated and experimental Raman bands.
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Figure S2.11: Calculated Raman spectra of the neutral deprotonated (PhS-Au4, black) and the
cationic protonated (PhSH-Au4, red) thiophenolato gold clusters. The Raman intensities were
calculated from the obtained Raman activities (see Computational Details), and a Gaussian
broadening with a full width at half maximum of 8 cm−1 was applied to the Raman frequencies.
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Figure S2.12: Cyclic voltammograms of PhS-Au in (left) CH3CN (0.1 M TBAPF6) and (right) 0.5 M
KClO4 (aq.). Arrows indicate starting point and initial direction.
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Figure S2.13: (left) Changes in ratio of the Raman bands at 1000 cm−1 and 1025 cm−1 (circle)
during cyclic voltammetry of PhS-Au in 0.5 M KClO4 (aq.). Potential is indicated by colour from
0.0 V (black) to 0.8 V (red) vs Ag/AgCl. (right) Corresponding SERS spectra (λexc 785 nm) at 0.0
V (black) and 0.8 V (red). The spectra were normalised on the perchlorate band denoted by the
asterisk.
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Figure S2.14: (left) Changes in ratio of the Raman bands at 1000 cm−1 and 1025 cm−1 (circle)
during cyclic voltammetry of PhS-Au in 0.5 M HClO4 (aq.). Potential is indicated by colour from
0.0 V (black) to 0.9 V (red) vs Ag/AgCl. (right) Corresponding SERS spectra (λexc 785 nm) at
0.0 V (black) and 0.9 V (red). The spectra were normalised on the perchlorate band denoted by
the asterisk.
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Holze reported earlier an additional band at 933 cm−1 during cyclic voltammetry
in water with perchlorate as electrolyte, which was assigned to the CSH bending
mode of PhSH-Au.27 This band was assigned earlier by Scott et al.34 at 916 cm−1 for
neat thiophenol (PhSH) which prompted us to examine the reported band further.
In sulfuric acid, the same SERS spectrum was obtained except for the band at 933
cm−1 (Figure S2.8). This band corresponds to the Cl=O stretching mode of the ClO–

4
ion rather than a mode of thiophenolate (Figure S2.15). The apparent increase with
lowering of pH (using HClO4 (aq.)) noted by Holze is most likely due to a change in
overall SERS intensity relative to the Raman scattering of the ClO–

4 ion in solution.

200 600 1000 1400 1800 2200 2600 3000

KClO4 (aq)
HClO4 (aq)
PhS-Au SAM in KClO4
PhS-Au SAM in HClO4

900 1000 1100 1200

1550 1600

Raman shift (cm 1)

Figure S2.15: SERS spectra (λexc 785 nm) of PhS-Au (SAM on a roughened gold bead) in
aqueous solutions of KClO4 (black, solid) and HClO4 (red, solid), and Raman spectra (λexc 785
nm) of 0.5 M KClO4 (aq.) (black, dashed) and 0.5 M HClO4 (aq.) (red, dashed). The spectra are
normalised and offset for clarity. The dashed gray line indicates the Cl=O stretching mode of the
perchlorate ion at 933 cm−1. The spike at 2550 cm−1 in the spectra of KClO4 (aq.) and HClO4
(aq.) comes from a hot pixel artefact.
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Table S2.1: Raman shifts (cm−1) and vibrational mode assignments for PhSH, PhS-Au SAMs, and
the AuSPh complex under various experimental conditions. aSee Figure 2.3. oop = out-of-plane,
ip = in-plane, sym = symmetric.

Vibrational
Mode

PhSH PhSH with base
(deprotonation)

PhS-Au SAM
PhS-Au SAM

at low pH

AuSPh complex

Before
heating

After
heating

Au-S
stretching19,27 - - 270-275 265-270 305 280

C-S-H
bending19,34

under CH3CN
band; 91634

under CH3CN
band -

902
(Calc.)19 - -

ring oop
deforma-
tion &
C-H oop
bending19,27

1002 998 1000a 1000 998 998

ring ip de-
formation
& C-C sym
stretching19,27

1026 1024 1025a 1025 1021 1021

C-C sym
stretching
and C-S
stretching19

1095 1083 1075a 1071 1080 1070

C-C sym
stretching19 1585 1575 1575a 1573 1575 1570

S-H
stretching19,25,27,34 2575

2575
(lower int.) -

2571
(Calc.)19 - -

Table S2.2: Comparison of characteristic experimentally observed Raman bands of PhS-Au
SAMs at 1000, 1025, 1075, and 1575 cm−1, in neutral and acidic media, with the corresponding
assigned bands for the neutral deprotonated PhS-Au4 and cationic protonated PhSH-Au4 com-
putational models, respectively. A scaling factor was not applied to the calculated frequencies.
Note that, as a result of Gaussian broadening, the calculated Raman band of PhS-Au4 at 1091
cm−1 originates from the frequencies 1090.98 and 1094.8 cm−1 (Figure 2.3), and that of PhSH-
Au4 at 1616 cm−1 from the frequencies 1615.73 and 1617.24 cm−1 (Figure S2.10).

1000 cm−1 1025 cm−1 1075 cm−1 1575 cm−1

Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc.

PhS-Au (neutral) PhS-Au4 1000 1012 1025 1041 1075 1091 1575 1612

PhS-Au (acidic) PhSH-Au4 1000 1017 1025 1041 1071 1096 1573 1616

Shift 0 5 0 0 -4 5 -2 4
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Computational Details

Frequency Calculations
Raman intensities (Ii) were calculated from the Raman activities (Si) using the following
equation:50,51

Ii =
f (ν0 − νi)4Si

νi(1− e
−hcνi
kBT )

where f is a normalisation factor, ν0 is the laser wavenumber, νi is the ith vibrational
mode, h is Planck’s constant, c is the speed of light (in cm s−1), kB is Boltzmann’s
constant, and T is the temperature.

Table S2.3: Calculated Raman frequencies of PhS-Au4 (deprotonated, neutral thiophenolato
Au4 cluster) and the corresponding Raman activities and intensities (f = 10−12, ν0 = 12739
cm−1, T = 293 K).

Frequency (cm−1) Raman activity Raman intensity

11.37 11.012326 468047.4802

19.3 130.573465 1958569.829

20.75 183.775735 2392067.742

27.2 31.172602 239341.6375

50.22 395.521253 934156.8725

57.09 47.683377 88371.80168

75.29 50.651077 55981.34557

79.62 165.845507 165317.8077

86.85 2497.401816 2122278.07

99.34 287.010625 191026.8168

153.76 404.84374 124625.8111

177.17 26.192523 6335.610641

216.7 63.26941 10961.09807

384.66 1046.700719 74686.11376

411.82 1.664643 107.5791747

428.96 362.110836 22070.23314

483.51 15.937113 819.8960596

630.3 31.709951 1132.812989

700.21 132.213611 4097.851102

705.46 7.371597 226.1898762

755.52 11.30533 316.3239074

849.98 18.775014 448.2217974

918.13 19.031642 409.2420319

973.91 5.176608 102.6976331
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988.87 0.125572 2.439593774

1012.03 1102.052877 20738.60225

1041.22 497.874106 9007.671661

1090.98 2496.311997 42319.69485

1094.8 197.396615 3330.100478

1171.79 88.534799 1356.930257

1196.46 526.298825 7829.98739

1299.55 368.681436 4866.476148

1347.35 145.626316 1822.584555

1466.2 78.645361 866.8252116

1502.29 779.807157 8280.600964

1601.05 13.358472 128.4518113

1612.3 3443.156304 32744.22333

3161.09 23.33997 62.13646163

3165.25 404.512377 1073.623983

3175.52 262.505063 691.4913011

3178.73 80.475808 211.4912521

3189.49 658.03683 1715.747507

Table S2.4: Calculated Raman frequencies of PhSH-Au4 (protonated, cationic thiophenolato
Au4 cluster) and the corresponding Raman activities and intensities (f = 10−12, ν0 = 12739
cm−1, T = 293 K).

Frequency (cm−1) Raman activity Raman intensity

18.81 11.236936 177264.4487

28.09 0.819075 5907.573271

41.59 12.223145 41355.46151

60.05 5.397336 9095.359697

65.02 38.302088 55608.68151

81.14 13.731338 13219.31536

89.82 6.592052 5268.158996

139.57 34.046286 12391.3982

141.08 81.272742 29031.34656

175.82 35.278114 8643.962468

263.65 11.290331 1428.725811

284.25 25.18823 2834.047571

404.08 39.959421 2654.18308

409.94 19.416828 1263.142411

480.55 8.463327 439.167078
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569.63 34.887264 1430.450192

627.46 11.36297 408.4251361

701.3 16.240033 502.2930528

703.9 34.578638 1064.177318

759.14 3.70959 103.1292754

849.96 3.387276 80.86807338

911.93 42.086574 913.378287

934.57 9.440816 198.1587171

982.07 0.494261 9.693899954

1009.76 9.779614 184.605346

1016.79 209.25447 3912.356949

1040.93 227.716712 4121.503773

1095.78 758.399557 12778.24544

1105.1 7.196228 119.8171269

1179.05 15.391189 233.8267724

1202.55 137.151716 2025.685958

1318.02 34.820672 450.1948618

1358.82 8.767205 108.3541612

1478.33 11.353539 123.5726773

1511.12 161.680984 1701.418818

1615.73 889.461329 8430.315913

1617.24 276.289561 2614.800616

2652.15 505.150307 1971.722295

3175.08 47.443822 125.0169236

3180.96 294.182353 771.8516832

3187.9 234.25258 611.495592

3194.1 52.315696 135.9468336

3199.54 808.410898 2092.376559
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Cartesian Coordinates
Below are listed the Cartesian XYZ coordinates (Å) of the thiophenolato gold clusters
as optimised with DFT.

PhS-Au4
16

Au -4.688549000 3.243077000 -1.290265000
Au -6.134486000 1.202173000 0.051165000
Au -3.372220000 0.822778000 -1.036107000
Au -3.866573000 2.218996000 1.164268000
S -5.209942000 5.066371000 -2.587122000
C -3.714719000 5.906679000 -3.065440000
C -2.422750000 5.469945000 -2.754813000
C -3.866291000 7.086866000 -3.806555000
C -1.313805000 6.198415000 -3.171787000
H -2.287278000 4.558671000 -2.186133000
C -1.469726000 7.371240000 -3.905272000
H -0.321447000 5.843229000 -2.919645000
C -2.753196000 7.809103000 -4.220715000
H -4.859859000 7.439649000 -4.056406000
H -2.893184000 8.719765000 -4.791189000
H -0.603325000 7.936024000 -4.226184000

PhSH-Au4
17

Au -4.745597000 3.408195000 -1.027260000
Au -6.895216000 2.219562000 0.247694000
Au -2.324698000 2.984314000 0.279093000
Au -4.593361000 2.478932000 1.537269000
S -4.897924000 4.310595000 -3.217466000
C -3.573683000 5.510991000 -3.371865000
C -2.396353000 5.078262000 -3.976849000
C -3.713546000 6.820253000 -2.919212000
C -1.341830000 5.972516000 -4.123343000
H -2.302542000 4.058888000 -4.330159000
C -1.469352000 7.285047000 -3.679285000
H -0.423544000 5.640689000 -4.591165000
C -2.655259000 7.706359000 -3.083828000
H -4.630559000 7.144855000 -2.444624000
H -2.758884000 8.727576000 -2.739124000
H -0.647156000 7.979427000 -3.797733000
H -5.909554000 5.176399000 -3.016642000
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Chapter 3. Protonation of Spiropyran SAMs on Gold upon Oxidation

Abstract

The redox chemistry of monolayers of a methyl-substituted nitrospiropyran self-as-
sembled on gold involves an electrochemically and chemically reversible one-electron
oxidation, as well as an irreversible process that involves protonation and ring-opening
of the spiropyran to yield a mixture of merocyanine isomers after a voltammetric
cycle. Vibrational characterisation by a combination of diffuse reflectance IR and non-
enhanced, resonance-enhanced, and surface-enhanced Raman scattering spectroscopy
in solid state, solution, and on roughened gold surfaces (of various species, proto-
nated and deprotonated, spiropyran and merocyanine, neutral and oxidised), enables
identification of the spiropyran radical cation and the protonated and deprotonated
merocyanine forms on gold. In addition to the previously reported photochemical Z-E
isomerisation of the protonated merocyanine in solution, we show that this occurs both
in thin films and in self-assembled monolayers on roughened gold surfaces as well.
Finally, the generation of the E-protonated species after electrochemical oxidation, in
addition to the expected Z-isomer, that forms upon direct protonation of spiropyrans,
points towards an alternative pathway from spiropyran to E-protonated merocyanine
available at positive electrode potentials, due to the decrease in pH brought about by
oxidation of water.

3.1. Introduction

Spiropyrans are a remarkable class of chromic compounds that can be switched, re-
versibly, between the closed spiropyran isomer and the ring-opened merocyanine isomer
through thermal, mechanical, photo, acido and electrochemical stimuli.1,2 Their syn-
thetic versatility, and the ease with which their properties can be varied, has made this
class a mainstay of molecular-based functional materials and surfaces. Of particular
interest is the large change in polarity observed upon switching between spiropyran
(SP) and merocyanine (MC) isomers, which has been used to control surface properties
and reactivity at electrode interfaces.3 In addition to photo- and thermally-stimulated
switching, spiropyrans undergo acidochromism driven by the stability that the Z-
merocyanine isomer gains upon protonation of the phenolate unit. The greater acidity
of the phenol unit of the Z- vs the E-merocyanine form is related to the additional
driving force for deprotonation upon formation of the spiro center. The difference is
sufficiently large that, in aprotic solvents, strong acids (e.g., CF3SO3H) are needed to
stabilize the ring-opened Z-merocyanine form of spiropyrans, and matching of pKa
values allows for photochemical switching between the spiropyran and protonated
E-merocyanine form with negligible formation of the intermediate Z-merocyanine.4

The acid-base chemistry of spiropyrans enables sensing of pH in quite a wide range
of environments, as well as their use as photo-acids, provided that the state of the
spiropyran can be read out non-destructively.5

Vibrational spectroscopy, including FTIR absorption and especially Raman scat-
tering spectroscopy, provides a ‘fingerprint’ of molecular structure that allows for
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definitive assignment to particular species and is therefore a suitable means to de-
termine the state of a molecular switch. Although Raman spectroscopy is generally
considered a weak technique - in the sense that the probability that a photon will be
scattered as a Raman photon is low - the high sensitivity and resolution of current
optical systems and detectors means that relatively low-power lasers can now be used
to study the Raman spectra of thin films and, with the benefit of surface-enhancement
of Raman scattering (SERS), self-assembled monolayers (SAMs) on roughened gold
electrodes. Spectroelectrochemistry, and in particular surface-enhanced spectroelec-
trochemistry, have attracted considerable attention as a tool to study processes at the
electrode.6–8 Indeed, our group has used SERS spectroscopy in the study of photochem-
ical and electrochemical reactions of spiropyrans on roughened gold electrodes.9–11

In the present chapter, a combination of diffuse reflectance, FTIR, non-enhanced and
resonance-enhanced Raman spectroscopy, UV-Vis absorption spectroscopy and SERS
spectroscopy at roughened gold beads is used to study the effect of pH changes at work-
ing electrodes during oxidative switching of self-assembled spiropyran monolayers.

ON

R

NO2

- 2 e-

- 2 H+

- e-

ON NO2

O NO2N

+ e- ON NO2

MeNSP+

Me

R-NSP R = Me

R = H

NSP dimer

(a) Redox chemistry of NSP which undergoes
oxidative dimerisation via carbon-carbon cou-
pling on the indoline unit with the loss of two pro-
tons, and MeNSP, which undergoes reversible
one-electron oxidation.

ON

O

NO2

HO

N NO2

MeNSP

E-MeNMCH+

365 nm
(E)

O

HO
N NO2

O Z-MeNMCH+

(Z)

O

N NO2

E-MeNMC

(E)

O

+ H+

455 nm
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Vis or ∆
R

O

R

O
R

O

R

O

1: R =

2: R =
S S

- H+ + H+- H+

ON NO2

MeNSP

(b) Photochromism and acidochromism of 1
(with an alkyl ester chain) and 2 (with a 1,2-dithi-
olane chain), and the central spiropyran struc-
ture MeNSP (methyl-substituted nitrospiropyran)
used for DFT calculations.

Scheme 3.1: Redox chemistry and photo- and acidochromism of nitrospiropyrans.

In previous studies of nitrospiropyrans (NSP), the oxidative coupling via the in-
dolino unit to form double spiropyrans in situ results in a large increase in the com-
plexity of the SAMs, both in regard to the pH due to the liberation of two protons
per coupling event, and in the number of isomers and protonation states possible
(Scheme 3.1a).10 Keeping electrode potentials less positive than the onset for oxidation
can allow for the effect of electrode potential on, for example, optical properties to be
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studied, as shown by Garling et al. using vibrational sum frequency spectroscopy.12

However, at more positive potentials at which, for example, the oxidised spiropyran
species can be studied, an alternative strategy is required. By introducing a methyl
group at the para position of the indoline unit (MeNSP), oxidative coupling is blocked
and the system is simplified,10 in principle to just three or four species, namely the
spiropyran and merocyanine isomers and their radical cations formed upon oxidation.
Here, we use the methyl-substituted spiropyran 1 and its lipoic acid modified analogue
2, which can form SAMs on gold surfaces, to characterise the processes that occur at
a working electrode during oxidative cyclic voltammetry as the compounds undergo
reversible one-electron oxidation (Scheme 3.1a).13,14

Through a combination of diffuse reflectance FTIR and non-enhanced, resonant-
enhanced, and surface-enhanced Raman spectroscopy, we show that the oxidation of
adventitious water at the electrodes generates protons locally to a sufficient extent as
to cause protonation and ring-opening of the spiropyrans present in the SAMs. The
strength of acid required typically to protonate spiropyrans is equivalent to excess
amounts of triflic acid,4 and hence the observation of protonation of the spiropyran
during cyclic voltammetry reports the large local changes in pH that can occur, which
is of relevance to the electrochemical study of pH-sensitive compounds in general
(Scheme 3.1b).

3.2. Results & Discussion
3.2.1. Synthesis and Characterisation

Compounds 113 and 29 were prepared using methods reported earlier. The synthesis
and characterisation are provided in the experimental section. The introduction of a
methyl group at the para position of the indolino unit, to block potential oxidative
dimerisation, does not significantly change the UV-Vis absorption spectra compared to
the well studied NSP (Figures 3.1 and S3.1),4 but the change in symmetry does impact
the vibrational spectra of the compounds and therefore FTIR and non-resonant Raman
spectra of both 1 and 2 were recorded in the solid state (vide infra).

3.2.2. Thermal and Photochemical Switching of Protonated Forms

3.2.2.1. Acidochromism in Solution
The acid-base chemistry as well as the photochemical and thermally-induced Z-E
isomerisation of 1 (Figure S3.2) and 2 (Figure 3.1) in solution are identical. Protonation
of 1 or 2 in acetonitrile with triflic acid results in a red shift in the UV absorption band
and a minor increase in molar absorptivity. Thermally induced Z-E isomerisation of
the Z-protonated merocyanine isomer (Z-1-MCH+) is negligible at room temperature,
although it should be noted that the light from a spectrometer is sufficiently intense
to induce isomerisation (Figure 3.2). Indeed, under continuous irradiation with the
light from the UV-Vis absorption spectrometer, conversion to the E-isomer is observed
relatively quickly.4
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Figure 3.1: UV-Vis absorption spectra of 2 (60 µM) in CH3CN at 20 °C (black) after addition of
TfOH (2 eq., red), subsequent irradiation at 365 nm (blue), followed by irradiation at 455 nm
(cyan), or addition of NaOAc (20 eq.) (purple) instead.

Irradiation at 365 nm results in rapid conversion to the photo-stationary state with
the appearance of the expected absorption of the E-isomer at 410 nm. Subsequent
irradiation at 455 nm results in a near-complete reversion to the Z-isomer. Addition of
base to a solution of the protonated E-isomer (generated by irradiation at 365 nm from
the Z-MCH+ form) results in an immediate change in the UV-Vis absorption spectrum
to that of the neutral E-MC form, followed by thermal relaxation to the SP form within
minutes.
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Figure 3.2: (left) UV-Vis absorption spectra of 1 (60 µM) in CH3CN at 20 °C after addition
of TfOH (1.5 eq.) showing negligible increase in the absorption band of E -1-MCH+ between
measurements and, instead, only an increase after each spectral acquisition. (right) UV-Vis
absorption spectra of 1 after addition of TfOH (1.5 eq.) while keeping the spectrometer shutter
open between spectral acquisitions (red to blue).
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Figure 3.3: Solid-state Raman spectra (λexc 785 nm, 2 mW) (a) and diffuse reflectance FTIR
spectra (b) of a thin film of 1 (black) drop-cast from a concentrated DCM solution (1.2 mM) onto
a Au/glass slide or onto KBr, respectively, after irradiation at 365 nm (purple), and subsequently
at 565 nm (pink, only IR), and of 1 with TfOH (1.5 eq., red) after irradiation at 365 nm (blue) and
subsequently at 455 nm (cyan). The same colours are used for both (a) and (b). Note that the
Raman spectra of 1+TfOH contain contributions from SP and MC.

3.2.2.2. Solid State IR and Raman Spectroscopy of Protonated Merocyanines
The thermal stabilities of both Z- and E-protonated merocyanine isomers allows for
solutions at high concentrations to be prepared which contain predominantly either
the Z- or E-isomer. These solutions were used to drop-cast optically thin films onto
substrates suitable for characterisation by Raman microspectroscopy (i.e. a gold-coated
glass slide) and diffuse reflectance FTIR spectroscopy (i.e. KBr). The solid-state diffuse
reflectance and non-resonant Raman spectra of 1-SP and its Z- and E-protonated
merocyanine isomers show differences expected for the large changes in structure
(Figure 3.3a). The spectra provide useful reference with which to assign resonance-
and surface-enhanced Raman spectra (vide infra), in particular the changes observed
during cyclic voltammetry. The photochemical ring-opening and -closing between SP
and MC isomers in the solid state was essentially complete upon irradiation at 365 and
565 nm, respectively (Figures 3.3a and 3.3b), in contrast to that observed in solution
where conversion to the MC form is limited by primary inner filter effects. In solution,
protonation of spiropyran yields primarily the Z-MCH+ isomer, and irradiation at
365 nm results in near-complete conversion to E-isomer (vide supra).4 Likewise, in situ
irradiation at 365 nm of a thin film of Z-1-MCH+ results in rapid changes in both FTIR
and Raman spectra, with essentially complete conversion to E-1-MCH+. The original
spectra were largely recovered upon subsequent irradiation at 455 nm.

Notably, during the acquisition of Raman spectra at 785 nm, the initial spectrum of
the Z-protonated isomer, produced by addition of TfOH to 1 (and also after subsequent
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sequential irradiation by 355 and 455 nm light), gradually changes to resemble that of
the E-isomer (Figure S3.3), i.e. the same spectrum of 1 with TfOH after irradiation at
365 nm. It is apparent that heating from the laser is responsible for Z-E isomerisation.
Finally, the significant spectral changes observed with IR and Raman spectroscopy,
both upon irradiation at 365 nm and upon addition of acid to 1, are expected for such
a large change in molecular structure between the closed spiropyran and the open
merocyanine isomers. Moreover, only small changes in spectra occur upon irradiation
of the protonated merocyanines, which is consistent with the likewise small change in
conformation of the central double bond.

3.2.2.3. Calculated Raman Spectra of Relevant Isomers
Calculated Raman spectra reported before by Kortekaas et al. of unsubstituted spiropy-
ran SP and nitro-substituted spiropyran NSP show a good correlation with experi-
mentally obtained Raman spectra.4 The methyl-substituent present on 1 and 2 will
have an effect on the vibrational spectra, therefore we decided to calculate the Ra-
man spectra of MeNSP, a computational model for 1 and 2 without the alkyl and
dithiolane ester, respectively (Scheme 3.1b), and its protonated merocyanine isomers
(Figures 3.4 and S3.7). The calculated spectra of MeNSP, CCC-MeNMCH+, and TTT-
MeNMCH+ are in qualitative agreement with the experimental Raman spectra of 1-SP,
Z-1-MCH+, and E-1-MCH+, respectively.
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Figure 3.4: Calculated Raman spectra of MeNSP (black), MeNSP+• (cyan), CCC -MeNMCH+ (red),
and TTT -MeNMCH+ (blue). The Raman intensities were calculated from the obtained Raman
activities, and a Gaussian broadening at full width at half maximum of 8 cm−1 and scaling factor
of 0.933 were applied to the Raman frequencies. The spectra were scaled and offset in the Y-axis
for clarity. See Figure S3.7 for an overlay of the spectra that shows more clearly the relative
intensities.
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3.2.2.4. Resonance Raman Spectroscopy of Protonated Merocyanines in Solution
Characterisation of the protonated merocyanine isomers in solution by Raman spec-
troscopy at resonant excitation wavelengths shows a dependence on spectral intensity
with wavelength consistent with the different photo-stationary ratios of Z- and E-
isomers at 355 nm, 405 nm, and 457 nm (Figure 3.5). The high quantum yield for
photochemical Z-E isomerisation, 0.82 for Z-NMCH+,4 and the intensity of light in
the confocal volume of the Raman spectrometer means that the solution probed by the
laser is at the PSS for the particular wavelength used, even though there was only a
gradual change in the UV-Vis absorption spectrum during Raman measurements at
355 nm (Figure S3.4). In the case of λexc 405 nm, the UV-Vis absorbance at 470 nm
was 0.025, where there is negligible contribution from the Z-isomer, which shows that
there is a small percentage of E-isomer present. Apart from a better signal-to-noise
ratio, though, the Raman spectrum at 405 nm is essentially identical to that at 355 nm
and hence represents mainly the spectrum of E-1-MCH+.
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Figure 3.5: (top) UV-Vis absorption spectra of 1 (60 µM) in CH3CN at 20 °C (with irradiation
by laser) (black), after addition of TfOH (1.5 eq., red), and after subsequent addition of NaOAc
(10 eq., purple). (bottom) Corresponding (resonance) Raman spectra at 355 nm, 405 nm, and
457 nm, including of only CH3CN (gray). A baseline was applied to the spectra to correct for
background fluorescence.

3.2.2.5. SERS Spectroscopy with Aggregated Au Colloid
The SERS spectra of 2 on Au colloid are useful references9 for comparison with SERS
spectra of self-assembled monolayers of 2 on roughened gold beads (vide infra). Raman
spectra (λexc 785 nm) were obtained of solutions of 2 in acetonitrile added to gold
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colloid, followed by acidification with H2SO4, subsequent irradiation at 365 nm, and
then addition of aqueous KOH (Figure 3.6). The initial spectrum shows relatively weak
enhancement of the Raman scattering of 2. Addition of H2SO4 resulted in an immediate
change in the spectrum to one similar to the Z-protonated merocyanine form in the
solid state, followed by a further gradual change over several minutes. Irradiation at
365 nm accelerated this change to yield a spectrum similar to that of the non-resonant
Raman spectrum of a thin film of E-1-MCH+, and subsequent addition of base resulted
in a change in the SERS spectrum to that close to deprotonated E-1-MC (Figure 3.3a).
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Figure 3.6: SERS spectra (λexc 785 nm) of 2 on Au colloid in H2O (black) after addition of conc.
H2SO4 (aq.) (red) and 10 min later (light red), after subsequent irradiation with 365 nm light
(blue), and after subsequent addition of conc. KOH (aq.) (purple). The spectra were normalised
for clarity. *bands from the plastic cuvette.

3.2.3. Spectroelectrochemistry in Solution
The electrochemical oxidation of 1 is electrochemically and chemically reversible
under typical conditions of cyclic voltammetry,13 and the spiropyran radical cation
(MeNSP+•), formed during UV-Vis absorption spectroelectrochemistry in an optically
transparent thin-layer electrode (OTTLE) cell, is characterised by its broad absorption
band with maxima at 444 nm and 466 nm (Figure 3.7). However, the platinum working
electrode and the relatively longer timescales (slower scan rates) employed during the
thin-layer cyclic voltammetry results in clear chemical irreversibility, apparent from
the residual absorption band at 420 nm following reduction. The irreversibility was
noted earlier by Ivashenko et al.13 and Mendive-Tapia et al.14 to be dependent on the
duration of the experiment but was not specifically ascribed to a particular chemical
process.

By comparison with UV-Vis absorption spectra of 1 and 2 in strongly acidic con-
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ditions and after subsequent irradiation (Figures S3.2 and 3.1),4 i.e. spectra of the
protonated merocyanines, we assign the aforementioned residual absorption band at
420 nm to E-1-MCH+. The generation of protons (decrease in pH) occurs due to the
oxidation of adventitious water during cyclic voltammetry at positive potentials. How-
ever, as discussed above, protonation alone will lead to the formation of the Z-isomer
but, in this case, it is the E-isomer that is observed. Thermal Z-E isomerisation can
be excluded (vide supra, Figure 3.2) and hence the Z-E isomerisation observed during
cyclic voltammetry in the OTTLE cell is either due to facile Z-E isomerisation in the
oxidised state or photochemical isomerisation of Z-1-MCH+ due to the UV-Vis spec-
trometer used to monitor the cyclic voltammetry (Figure 3.2). The latter hypothesis was
investigated by performing bulk electrolysis of 1 in the dark, i.e. without irradiation by
the spectrometer, and recording UV-Vis absorption spectra afterwards (Figure S3.5).
The appearance of an absorption band at 420 nm immediately after bulk oxidation
indicates the plausibility of direct electrochemical generation of E-1-MCH+ from 1-SP.

With this information, we propose a proton-coupled electron transfer (PCET) mech-
anism for the formation of the E-protonated merocyanine isomer, relying on facile Z-E
isomerisation in the oxidised state. The merocyanine radical cation (E-MeNMC+•) is
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in equilibrium with its closed form MeNSP+•, and is protonated followed by rapid
reduction to E-MeNMCH+ (Scheme 3.2).

3.2.4. Self-Assembled Monolayers on Gold
The influence of protons generated upon oxidation during electrochemistry of 1 in
solution under thin-layer conditions is potentially manifest in the spectroscopy of pH-
sensitive compounds such as 1 and 2. Compound 2 bears a lipoic acid group (a disulfide
connected to the spiropyran via an ester linkage) and can form self-assembled monolay-
ers (SAMs) on gold, i.e. 2-Au, both on relatively atomically flat and electrochemically
roughened gold surfaces.

The cyclic voltammetry of a self-assembled monolayer of 2-Au on a smooth gold
working electrode (electrochemically cleaned but not roughened) shows a reversible
redox process at 1.05 V vs Ag/AgCl (Figure 3.8). The absence of noticeable irreversibility
due to protonation of 2-Au can be attributed to the high scan rates applied and the use
of DCM passed over K2CO3 as solvent instead of CH3CN. At low scan rates (1 V s−1),
the maximum currents in both scan directions are at the same potential as expected for
a surface-confined electrochemical process. At higher scan rates, a shift in potential
(Ep,a and Ep,c) is observed, which is indicative of faradaic resistance.15,16

Electrochemical roughening of gold bead electrodes was carried out using liter-
ature procedures,17 and were used for surface-enhanced Raman scattering (SERS)
spectroscopy of the adsorbed molecules of 2. The SERS spectrum of 2-Au is relatively
weak but shows sensitivity to protonation (addition of triflic acid) and irradiation (vide
infra).
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Figure 3.8: Cyclic voltammetry at room temperature of 2-Au on a smooth Au working electrode
with Pt wire counter electrode and Hg/HgSO4 reference electrode in DCM (0.1 M TBAPF6) at
scan rates of 1.0 (blue), 5.0 (red), and 10 V s−1 (black). Potential vs Hg/HgSO4 was converted to
vs Ag/AgCl for clarity.
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3.2.4.1. SERS Spectroelectrochemistry
The SERS spectra of 2-Au on a roughened gold bead recorded during a single cyclic
voltammetric cycle show a dramatic increase in intensity relative to solvent bands upon
reaching its oxidation potential near 1.0 V vs Ag/AgCl, followed by a equally large
decrease upon returning to lower potential (Figure 3.9). Notably, the original spectrum
was not recovered upon reduction (Figure 3.10). The spectrum of 2-Au at 1.1 V vs
Ag/AgCl has several Raman bands that do not appear in the spectra either before or
after cyclic voltammetry, namely at 1545, 1490, and 355 cm−1, which are therefore
tentatively assigned to the MeNSP+• species. At the same time, many bands that were
present already before, or that remained after the oxidative cycle, increased in intensity
and, most notably, the disappearance of the characteristic band of the spiropyran
at 1340 cm−1 indicates that the oxidation of 2-Au was chemically irreversible. The
assignment of the bands observed before, during, and after cyclic voltammetry is made
in the following sections.
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Figure 3.9: SERS spectra (λexc 633 nm) of
2-Au during cyclic voltammetry from 0.0
V (black) up to 1.15 V (cyan) (one cycle)
showing a dramatic increase in intensity
upon reaching the oxidation potential of 2
at 1.1 V vs Ag/AgCl.
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Figure 3.10: Solid-state Raman spectra
(λexc 785 nm) of a thin film of 1 drop-cast
from a concentrated DCM solution (1.2 mM)
onto a Au/glass slide before (gray) and af-
ter 365 nm irradiation to 1-MC (purple),
and SERS spectra (λexc 633 nm) of 2-Au
on a roughened gold bead in CH3CN be-
fore (black), at 1.1 V vs Ag/AgCl (cyan), and
after cyclic voltammetry (blue). *CH3CN
bands.

3.2.4.2. Characterisation of Oxidised State
Although the radical cation of a nitrospiropyran dimer has been characterised by
resonance-enhanced Raman spectroscopy,10,13 the Raman spectrum of the spiropyran
radical cation has not been reported. Excitation resonant with the visible absorption
band of MeNSP+• (457 nm) was employed with generation of the radical cation by
chemical oxidation with the oxidant magic blue (MB). Resonance enhancement is
typically more selective in the number of bands that are enhanced, with a limitation to
those of the chromophoric unit of the compound under study. Nevertheless, a good
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correspondence between the resonance Raman spectrum at 457 nm of the radical cation
and the SERS spectrum of 2-Au at 1.1 V indicates that at least part of the latter spectrum
can be assigned to this species (Figures 3.11 and S3.6). Several Raman bands observed
in the SERS spectra at 1.1 V also appear in the Raman spectrum at 457 nm in solution,
albeit with different relative intensities: 1605, 1585, 1538, 1195, and 1105 cm−1. In the
SERS spectrum, the band at 1605 cm−1 is not as intense as other bands compared to the
resonance Raman spectrum, and vice versa for the band at 1585 cm−1, and it seems that
the SERS band at 1545 cm−1 appears at 1538 cm−1 in the Raman spectrum.

The additional bands observed in the SERS spectrum may not be due to the radical
cation, however, but to the neutral merocyanine species. The solid-state spectrum
of 1-MC shows a striking resemblance to the SERS spectrum of 2-Au at 1.1 V, with
bands at 1520 and 950 cm−1 appearing in both of the aforementioned spectra but
not in the resonance-enhanced spectrum of 1 in solution after addition of MB. The
large decrease in signal intensity of all SERS bands upon returning to lower potential
(Figure 3.9) does not agree with the generation of neutral merocyanine isomer, though,
since thermal ring-closing takes over 12 h at room temperature (and 20 min at 60
°C).9 Perhaps, instead, it is the oxidised merocyanine species of which we observe
Raman bands, which may be present in small amounts but is expected to have a higher
polarisability compared to the closed form radical cation (as is the case in the neutral
state). Calculations of the Raman spectrum of MeNMC+•, as well as the barrier towards
ring-opening of MeNSP+•, are expected to give insight into the hypothesised presence
of neutral and oxidised merocyanine species upon oxidation of 2-Au.
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Figure 3.11: (left) UV-Vis absorption spectra during irradiation of 1 (60 µM) at 457 nm in CH3CN
at -30 °C before (black) and after addition of Magic Blue (0.5 eq., cyan). (right) Corresponding
resonance-enhanced Raman spectrum at λexc 457 nm of MeNSP+• generated from the addition
of MB to 1 (cyan), SERS spectrum (λexc 633 nm) of 2-Au on a roughened gold bead at 1.1 V
vs Ag/AgCl (blue), and solid-state Raman spectrum (λexc 785 nm) of a thin film of 1 drop-cast
from a concentrated DCM solution (1.2 mM) onto a Au/glass slide after 365 nm irradiation
to 1-MC (purple). *CH3CN, #artefact, MBabsorption by Magic Blue. The Raman spectra were
baseline-corrected, normalised and offset for clarity. See Figure S3.6 for spectra of only MB.
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3.2.4.3. Protonated Merocyanines on a Gold Surface
It is clear that the SERS spectrum of 2-Au obtained after cyclic voltammetry is not the
same as the initial spectrum (Figure 3.10). The possibility of protonation of the im-
mobilised spiropyran on gold during cyclic voltammetry was investigated by studying
the effect of strong acid (triflic) on the SERS spectrum of 2-Au (Figure 3.12). The SERS
spectrum of 2-Au contains bands that are characteristic of the ring-opened merocyanine
form, for example at 1190 cm−1; indeed, it is challenging to obtain a SERS spectrum of
purely the closed form.9 This is due to the significantly higher Raman cross-section of
the more polarisable merocyanine, which means that any merocyanine form present
on the gold surface will dominate the SERS spectrum. After addition of triflic acid
(TfOH) to the DCM in which the roughened gold bead of 2-Au was immersed, the
overall Raman intensity increased significantly, and new Raman bands appeared at
1570, 1535, 1315, 1270, and 920 cm−1. Irradiation at 365 nm resulted in a decrease
or complete disappearance of the bands at 1570, 1450, 1270, 1050, 940, 920, and 570
cm−1, while a band at 1257 cm−1 appeared. Comparison of the SERS spectra of 2-Au
at low pH with the solid-state Raman spectra of 1 after treatment with acid discussed
before shows many similarities. Most strikingly, in both cases the band at 1570 cm−1

decreases upon irradiation at 365 nm (Figure 3.12).
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Figure 3.12: Solid-state Raman spectra (λexc 785 nm) of a thin film of 1 drop-cast from a
concentrated DCM solution (1.2 mM) onto a Au/glass slide after 365 nm irradiation to 1-MC
(purple), and with TfOH (1.5 eq.) before (light red) and after irradiation with 365 nm light (light
blue), and SERS spectra (λexc 785 nm) of 2-Au in DCM before (black), after the addition of TfOH
(red), and after subsequent irradiation with 365 nm (blue). A baseline correction was applied to
the spectra. *DCM.
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3.2.4.4. SERS Spectroelectrochemistry: Protonation on the Surface
The SERS spectrum of 2-Au after cyclic voltammetry was compared to those after
addition of acid and subsequent irradiation (Figure 3.13). The disappearance of the
characteristic spiropyran band at 1340 cm−1 confirms that the initial spectrum is not
recovered and that the spiropyran originally present on the gold surface has been
converted to another isomer. The spectrum after cyclic voltammetry resembles quite
closely that of 2-Au with TfOH, but noticeable differences confirm that there is a
mixture of species contributing to the spectrum. Most likely both protonated isomers
(Z- and E-2-MCH+) are present, as well as deprotonated merocyanine (E-2-MC) which
has formed from its protonated isomer due to equilibration with the bulk solution. The
resolution of the SERS spectrum after CV prevents definite assignment and further
experimental work is needed to shed light on which species are present.
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Figure 3.13: Solid-state Raman spectra (λexc 785 nm) of a thin film of 1 drop-cast from a
concentrated DCM solution (1.2 mM) onto a Au/glass slide (gray) after 365 nm irradiation to 1-MC
(purple), and SERS spectra (λexc 633 nm) of 2-Au before (black) and after cyclic voltammetry up
to 1.1 V vs Ag/AgCl (blue), and SERS spectra (λexc 785 nm) of 2-Au after the addition of TfOH
(red) and subsequent irradiation with 365 nm (cyan). *CH3CN, #DCM.

In principle, addition of excess base to the electrolyte solution, i.e. performing the
experiment at high pH, should counteract the observed pH drop at the surface, however,
the high concentration of base interferes with the cyclic voltammetry and stability of
the spiropyran monolayers.

3.3. Conclusions

Surface enhanced Raman spectroscopy together with the acidochromism of spiropyrans
allow for the changes to SAMs during cyclic voltammetry to be assigned to a decrease
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in pH at the working electrode. The decrease in pH is substantial bearing in mind that
the same changes in a bulk solution require addition of an excess of a strong acid such
as triflic acid. These data have implications for our understanding of the switching
behaviour of spiropyran-based electrochemical systems, in which perceived optical
control over the molecular state of the spiropyran during voltammetric studies may be
confounded by the changing pH at the electrode due to oxidation of water present in
the solvent.

The SERS spectra obtained during cyclic voltammetry of 2-Au are complex su-
perpositions of the spectra of several species. The generation of the E-isomer of the
protonated merocyanine, as opposed to the Z-isomer formed upon direct addition of
strong acid, both in solution and on a gold surface, indicates that protonation in the
oxidised state may occur, where the barriers to Z-E isomerisation are lower. There is
reason to believe that also the deprotonated E-merocyanine isomer is present after
cyclic voltammetry on gold, due to equilibration of protonated E-merocyanine with the
bulk solution, i.e. the pH at the electrode increases over time as the electrode returns to
the original open circuit potential.

The insufficient resolution of the spectral data makes a definitive assignment of
species on the surface challenging. In addition, the presence of merocyanine on gold al-
ready before the start of electrochemical measurements, due to two-photon absorption
of the laser source by spiropyran resulting in its ring-opening, further complicates the
question as to which protonated merocyanine isomer is formed during cyclic voltamme-
try, and through which mechanism this occurs. Regardless of whether the open form is
generated from initial two-photon photochemical ring-opening to merocyanine, or from
direct proton-induced ring-opening to the Z-MCH+ isomer, the fact that protonated
merocyanine is observed after electrochemical measurements indicates that the pH at
the electrode is sufficiently low to result in protonation.

As a final note, we make use of SAMs for practical reasons related to SERS measure-
ments, but the same issue is of relevance to solution systems as well (e.g., thin-layer
voltammetry and spectroelectrochemistry).
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Experimental Details

Experimental Details

Synthesis of 2

1,2-dithiolane-substituted methylnitrospiropyran 2 was synthesised according to a
literature procedure.9

ON NO2

O

O
S S

ON NO2

OH

+ OH

O
S S

2

DCM, 0 °C to rt
Ar, overnight
77%

N
C

N

DCC
N

NDMAP

thioctic acid

MeNSP-EtOH

Synthesis of 2 from hydroxyethyl-substituted methyl-nitrospiropyran (MeNSP-EtOH) and thioctic
acid.

2-(3’,3’,5’-trimethyl-6-nitrospiro[chromene-2,2’-indolin]-1’-yl)ethan-1-ol (MeNSP-
EtOH, 110 mg, 0.30 mmol), 5-(1,2-dithiolan-3-yl)pentanoic acid (DL-thioctic acid,
72 mg, 0.35 mmol), and 4-dimethylaminopyridine (DMAP, 7 mg, 0.06 mmol) were
dissolved in 30 mL of dichloromethane at 0 °C under argon. A solution of N,N’-
dicyclohexylcarbodiimide (DCC, 83 mg, 0.66 mmol) in 10 ml of dichloromethane was
added over 1 h while stirring, after which the reaction mixture was allowed to reach
room temperature overnight. The solvent was removed in vacuo. Purification of the
crude product by column chromatography over silica gel, using dichloromethane/-
pentane 4:1 as eluent, yielded the product (2-(3’,3’,5’-trimethyl-6-nitrospiro[chromene-
2,2’-indolin]-1’-yl)ethyl 5-(1,2-dithiolan-3-yl)pentanoate) (2) as a yellow solid (129 mg,
0.23 mmol, 77%). 2 was characterised by 1H NMR.
1H NMR (400 MHz, CD3CN) δ 8.08 (d, J = 2.8 Hz, 1H), 8.00 (dd, J = 9.0, 2.8 Hz, 1H),
7.03 (d, J = 10.4 Hz, 1H), 6.97 (d, J = 9.7 Hz, 2H), 6.71 (d, J = 9.0 Hz, 1H), 6.58 (d, J =
7.7 Hz, 1H), 5.96 (d, J = 10.4 Hz, 1H), 4.23 – 4.11 (m, 2H), 3.57 – 3.39 (m, 2H), 3.34 (dt,
J = 15.4, 5.6 Hz, 1H), 3.20 – 3.04 (m, 2H), 2.40 (dq, J = 12.5, 6.1 Hz, 1H), 2.28 (s, 3H),
2.22 (td, J = 7.3, 1.8 Hz, 2H), 1.90 – 1.72 (m, 1H), 1.69 – 1.46 (m, 5H), 1.35 (q, J = 8.5
Hz, 2H), 1.23 (s, 4H), 1.12 (s, 4H).
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0123456789
Chemical shift (ppm)

1H NMR spectrum of 2 in CD3CN.

Physical Methods

Reagents and solvents were obtained from Sigma-Aldrich or Tokyo Chemical Industry
(TCI) Europe and used as received unless stated otherwise. NMR spectra were obtained
on a Bruker 400 spectrometer. Chemical shifts δ are reported in parts per million (ppm)
with respect to tetramethylsilane and referenced to the residual solvent (CHD2CN),
and coupling constants are reported in hertz. Multiplicities are denoted as s = singlet,
d = doublet, and m = multiplet.

UV-Vis absorption spectra at room temperature were recorded on an Analytik
Jena Specord 600 spectrometer, and spectra at lower temperatures were recorded in a
QuantumNorthwest temperature-controlled cuvette holder or in a Unisoku CoolSpek
USP-203-B cryostat. Irradiation at 365, 455, and 565 nm was provided by Thorlabs LEDs
M365LP1-C5 (435 mW), M455L3-C5 (400 mW), and M565F1 (2.0 mW), respectively.

Gold beads were prepared by melting gold wire in a butane flame. The beads were
roughened electrochemically using a literature procedure17 with a CH Instruments
(CHI) 760C bipotentiostat. Self-assembled monolayers (SAMs) formed upon immersion
in acetonitrile or dichloromethane containing 2 (1 mM). The gold colloid suspension
in water was prepared according to the citrate method.18 Raman spectra at 785 nm of
samples in H2O with Au colloid were recorded using an integrated laser probe (500
mW, Cobolt Lasers) fiber-coupled to an Andor Shamrock SR-163 spectrograph and
Andor iVac DR-324B-FI-560 camera and 200 line/mm grating with 730 nm blaze.

Electrode potential was controlled with either a CHI760c or CHI604E potentiostat,
with a platinum wire counter electrode (CE) and a saturated calomel electrode (SCE,
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Experimental Details

CHI150), Hg/HgSO4 (CHI151) or Ag/AgCl wire reference electrode (RE). For cyclic
voltammetry on non-roughened gold, a teflon-shrouded gold working electrode (Au
WE, CHI101) was electrochemically cleaned by 20 cyclic voltammetric cycles in 0.5
M H2SO4 between -0.6 V and 1.2 V vs Hg/HgSO4, after which it was immersed into
a solution of 2 (2 mM) in dichloromethane. Cyclic voltammetry of 2-Au on the non-
roughened Au WE was performed in dichloromethane (0.1 M TBAPF6) with a Pt wire
(CE) and Hg/HgSO4 (RE). The potential of Hg/HgSO4 vs SCE was measured at 0.4 V
in acetonitrile (0.1 M TBAPF6), and the potential of Ag/AgCl was defined as 0.04 V vs
SCE.

Raman spectra of solid-state samples (thin films drop-cast onto Au/glass substrates)
were recorded with excitation at 785 nm using an Olympus BX51 microscope equipped
with a fibre coupled laser (BT785, ONDAX) and a fibre-coupled Shamrock163i spectro-
graph and iVac-DLL CCD camera and 235 line/mm grating with 750 nm blaze. The
power at the sample was varied from 1 to 300 mW and was typically 2-5 mW. Fourier
transform infrared (FTIR) diffuse reflectance spectra of solid-state samples (thin films
drop-cast onto a KBr disk) were recorded using a JASCO 4700 FTIR spectrometer with
a diffuse reflectance attachment.

Raman spectra in solution at 355 nm (25 mW at source, Cobolt Lasers Zouk10), 405
nm (40 mW at source, ONDAX LM-405-PLR-40-1) and 457 nm (400 mW at source,
Cobolt Lasers Twist 25) excitation wavelengths were recorded in a 180° backscattering
arrangement with the Raman scattering collected by a plano-convex lens (2.5 cm
diameter, f = 7.5 cm). The collimated light was then passed through the appropriate
long-pass edge filter (Semrock) after which it was focused by a second plano-convex
lens (λexc 355/405 nm: 2.5 cm diameter, f = 15 cm; λexc 457 nm: 2.5 cm diameter, f =
7.5 cm) into an Andor Shamrock 500i-D7 spectrograph with a 2400 line/mm grating
blazed at 300 nm (λexc 355/405 nm) or 303i-B spectrograph with a 1200 line/mm
grating blazed at 500 nm (λexc 457 nm). Acquisition was performed with an Andor
iDus DV420A-BU2 CCD (λexc 355/405 nm) or iDus DV420A-BV CCD (λexc 457 nm)
camera.

Raman spectra of self-assembled monolayers on roughened gold beads were recorded
at 785 nm using an Olympus BX51 microscope equipped with a fibre-coupled laser
(BT785, ONDAX) and a fibre-coupled Shamrock163i spectrograph and iVac-DLL CCD
camera and 235 line/mm grating with 750 nm blaze. The power at the sample was
varied from 1 to 300 mW and was typically 2-5 mW.

Density functional theory (DFT) geometry optimisations and frequency calculations
of the various spiropyran isomers were performed with ORCA5,19,20 using the default
optimisation algorithm. The structures were optimised using the functional ωB97X-
D3,21,22 and the basis set def2-TZVP,23,24 and a conductor-like polarisable continuum
model (CPCM)25 of acetonitrile.
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Appendix
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Figure S3.1: UV-Vis absorption spectra of 2
(60 µM) in CH3CN at 20 °C (black) just after
irradiation at 365 nm (15 s, purple) and after
prolonged irradiation resulting in photodegra-
dation (7 min, cyan).
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Figure S3.2: UV-Vis absorption spectra of 1
(2 mM) in CH3CN in a thin-layer (OTTLE) cell
(black) after irradiation at 365 nm (purple), af-
ter addition of TfOH (4 eq.), and after subse-
quent sequential irradiation at 365 nm (blue)
and 455 nm (cyan).
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Figure S3.3: Solid-state Raman spectra (λexc 785 nm) of a thin film of 1 with TfOH (1.5 eq.)
drop-cast from a concentrated DCM solution (1.2 mM) onto a Au/glass slide (red) and after 4
min of acquisition (light red), after irradiation with 365 nm and subsequently with 455 nm light
(cyan), and after 14 min of acquisition (light blue). A baseline was applied to the spectra to
correct for background fluorescence.
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Figure S3.4: UV-Vis absorption spectra during acquisition of Raman spectra at (left) 355 nm,
(middle) 405 nm, and (right) 457 nm, after (top) addition of 1 (60 µM) to CH3CN at 20 °C (gray to
black), and (bottom) subsequent addition of TfOH (1.5 eq., red to blue).
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Figure S3.5: UV-Vis absorption spectra of 1 (2 mM) in CH3CN (0.1 M TBAPF6) in a 2 mm path-
length quartz cuvette before (black), after bulk electrolysis at 1.0 V in the dark for 60 s (light
blue), and after subsequent bulk electrolysis at 1.1 for 60 s (dark blue). Working electrode: Pt
mesh; counter electrode: Pt wire; reference electrode: Ag/AgCl wire.
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Figure S3.6: (left) UV-Vis absorption spectra of Magic Blue (0.5 mM) in CH3CN before (blue) and
after addition of ascorbic acid (4 eq., gray). (right) Raman spectra at λexc 457 nm in CH3CN of
MeNSP+• generated from the addition of MB (0.5 eq.) to 1 (60 µM) (cyan), and of only MB (blue),
1 (black), and CH3CN (gray). The Raman spectra were baseline-corrected, normalised and offset
for clarity.
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Figure S3.7: Calculated Raman spectra of MeNSP (black), MeNSP+• (cyan), CCC -MeNMCH+

(red), and TTT -MeNMCH+ (blue). The Raman intensities were calculated from the obtained
Raman activities, and a Gaussian broadening at full width at half maximum of 8 cm−1 and scaling
factor of 0.933 were applied to the Raman frequencies. The spectra are overlaid to show the
relative intensities. See Figure 3.4 for the stacked spectra.
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Chapter 4. Electrochemical Ring-Opening and -Closing of a Spiropyran

Abstract

The bistability of molecular switches is an essential characteristic in their use as func-
tional components in molecular based devices and machines. For photoswitches,
light-driven switching between two stable states proceeds via short-lived changes of
bond order in electronically excited states. Here, bistable switching of a ditertbutyl-
substituted spiropyran photoswitch is instead demonstrated by oxidation and subse-
quent reduction in an overall four-state cycle. The spiropyran structure chosen has
reduced sensitivity to the effect of secondary electrochemical processes such as H+

production, and provides transient access to a decreased thermal Z-E isomerisation
barrier in the one-electron oxidised state, akin to that achieved in the corresponding
photochemical path. Thus, we show that the energy needed for switching spiropyrans
to the merocyanine form on demand, typically delivered by a photon, can instead be
provided electrochemically. This opens up further opportunities for the utilisation of
spiropyrans in electrically controlled applications and devices.

4.1. Introduction

The bistability of molecular switches is central to their application in organic electronics
and functional (smart) materials. Molecular photoswitches, for which light is used to
toggle molecular structure and hence molecular properties, have dominated the field of
molecular switching for over a half century.1 As an alternative, or even complementary,
switching pathway that opens up further opportunities, electrochemical switching
has been investigated in a range of photochromes, e.g., stilbenes,2,3 thioindigos,4,5

fulgides,6 azobenzenes,7–9 overcrowded alkenes,10,11 diarylethenes,12–19 and, notably,
imidazole dimer switches developed recently by Abe et al.20 The challenge, however, in
electrochemical switching of photochromes is to replicate fully the process driven by a
photon using a redox cycle.

The spiropyran family of compounds shows chromic response, in addition to light,
to a wide range of external stimuli.21–23 Chromism can be triggered by external redox
units, e.g., by oxidation of a ferrocene24 or polyoxometalate moiety25,26 or by oxidation
or reduction of an ancillary carboxamidine moiety.27 Among them, electrochemical
input has been shown to cause spontaneous ring-opening of spiropyrans,28–30 such as in
the oxidative ring-opening of indolinooxazolidines31,32 and the reductive ring-opening
of nitro-substituted spiropyrans by Fujishima et al. and later Hartl et al.33,34

Switching between spiropyran and merocyanine forms electrochemically without
the involvement of ancillary groups is synthetically advantageous. However, the oxida-
tion of simple spiropyrans results in carbon-carbon bond formation via the indolino
unit yielding dimers and releasing protons (Figure 4.1).35,36

Blocking of the para position of the indoline unit, as in a methyl-substituted spiropy-
ran (MeNSP), disables dimerisation, and the oxidation to the spiropyran radical cation
becomes reversible (Figure 4.1). Electrochemical oxidation in these cases can, how-
ever, indirectly trigger spontaneous ring-opening through the protons generated at the

4

116



4.2. Results & Discussion
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Figure 4.1: Redox chemistry of a non-substituted and a methyl-substituted nitrospiropyran.
*Adapted in part from Browne et al.,36 with permission from The Royal Society of Chemistry.

electrode by protonation-driven ring-opening to the merocyanine Z-MCH+.37,38

Computational studies indicate that ring-opening in the oxidised state can occur
upon photo-excitation,37 and hence when electrochemical dimerisation is avoided, for-
mation of the spiropyran radical cation can facilitate ring-opening to the merocyanine
form. Indeed, direct oxidative ring-opening of a spiropyran was recently shown by
Kubo et al., where the stabilisation of the phenoxyl radical was driven by the aroma-
tization of the acridine substituent.39 Subsequent reduction, however, recovered the
spiro compound rather than the open zwitterionic form.

Here, we show that a ditertbutyl-substituted spiropyran, in which a chloro sub-
stituent prevents oxidative aryl-aryl coupling (tbSP, Scheme 4.1), has a sufficiently
low oxidation potential to avoid competing acidochromism during electrochemical
oxidation. The reversal in relative stability of the spiropyran and merocyanine forms
in the oxidised state is observed along with a low barrier to subsequent Z-E isomerisa-
tion. The resulting thermally reversible electrocatalytic ring-opening of the spiropyran
provides a new approach to bistable switching of spiropyrans.

4.2. Results & Discussion

tbSP was prepared following the standard Fischer base synthetic procedure, and
characterised by 1H NMR spectroscopy and high-resolution mass spectrometry (see
Experimental Details).
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Scheme 4.1: Redox chemistry of the ditertbutyl-spiropyran reported here. tbSP = ditertbutyl-
spiropyran; tbMC = ditertbutyl-merocyanine.

4.2.1. Photo- & Acidochromism

As is the case with non-substituted spiropyrans,23,40 tbSP does not show significant
photochromism in solution at room temperature due to rapid thermal reversion of the
merocyanine form to the spiropyran form. At -80 °C, UV irradiation generates the
characteristic absorbance of a zwitterionic E-merocyanine (E-tbMC), with a distinctive
vibrational structure that is more pronounced in solvents of lower polarity (Figure S4.1,
vide infra). As with other spiropyrans, tbSP exhibits acidochromism,38 specifically,
addition of near-stoichiometric amounts of strong acids, e.g., CF3SO3H, results in
protonation-driven ring-opening to the protonated Z-merocyanine isomer (Z-tbMCH+),
which undergoes both thermal and (reversible) photochemical conversion to the E-
isomer (E-tbMCH+), manifested in a bathochromic shift of the UV-Vis absorption band
(Figures 4.2 , S4.2 and S4.3). Addition of base at room temperature to either form results
in complete recovery of the original spectrum of tbSP, while at -40 °C intermediate
formation of the deprotonated E-merocyanine (E-tbMC) is observed.

4.2.2. Cyclic Voltammetry

The cyclic voltammogram of tbSP at 0.1 V s−1 shows an irreversible oxidation at E1/2 =
1.0 V vs Ag/AgCl and a subsequent irreversible reduction at E1/2 = 0.45 V vs Ag/AgCl
(Figures 4.3 and S4.4). At higher scan rates, both the redox wave at 1.0 V and the redox
wave of the product at 0.45 V are electrochemically reversible (Ep,a-Ep,c is ca. 70 mV).
Note that the 2nd cycles are depicted, instead of the 1st, due to the appearance of the
oxidation wave at 0.45 V only after the recording of an initial cycle. At -84 °C, the
homogeneous reaction that follows oxidation of tbSP at 1.0 V is evidently inhibited as
the chemical reversibility of the oxidation increases at 0.1 V s−1 (Figure S4.5). Thus,
it seems that oxidation of the spiropyran to its radical cation tbSP+• at 1.0 V, though
electrochemically reversible, is followed by a chemically irreversible change to the
open form radical cation tbMC+•. The tbMC+• then undergoes an electrochemically
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4.2.2. Cyclic Voltammetry

reversible reduction to its neutral form tbMC (at 0.45 V), followed by thermal reversion
to tbSP to complete the redox cycle (Scheme 4.1).
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Figure 4.2: UV-Vis absorption spectra of tbSP (45 µM) in acetonitrile at -40 °C (black) after
addition of 2.5 eq. CF3SO3H (yellow), subsequent irradiation with 365 nm (orange), and deproto-
nation with 25 eq. NaOAc to yield E -tbMC (blue).

tbMC+•tbMC - e-

0.45 V
+ e-

tbSP tbSP+•- e-

1.0 V
+ e-

tbSP

tbMC

∆

∆

tbMC+•

tbSP+•

Figure 4.3: Cyclic voltammetry (2nd cycles) of tbSP (1 mM) in acetonitrile (0.1 M TBAPF6) at
20 °C at 0.1 (solid), 10 (dashed) and 100 V s−1 (dotted). The corresponding redox and chemical
reactions are indicated. 2nd cycles are shown for clarity to show also the reversibility of the
redox process at 0.45 V. The 1st cycle in each case is identical except that the forward process
at 0.45 V is absent (since the species responsible is not yet generated, see Appendix).
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4.2.3. Density Functional Theory

DFT calculations (see Appendix for computational details) are in good qualitative
agreement with our proposed kinetic model and predict that, in the neutral state,
ring-opening is uphill, while in the oxidised state the process is downhill with a barrier
of 6.0 kcal mol−1 for the breaking of the C-O bond and 15.8 kcal mol−1 for the Z-E
isomerisation (Figure 4.4). This low Z-E isomerisation barrier implies that the E-tbMC
species is obtained upon subsequent reduction. The total energy barrier for tbSP+•

ring-opening estimated from cyclic voltammetry by simulation is 15.4 kcal mol−1,
corresponding to a lifetime of approximately 50 ms (see Appendix), which matches
the value obtained by DFT. Finally, the difference in computed adiabatic ionisation
energies for tbSP and E-tbMC of 0.50 eV (Figure 4.4) is also in good agreement with
the experimentally observed difference in redox potential of 0.55 V between the two
species (Figure 4.3).

Reaction Coordinate

ygrenE eerF
ygr enE eer F

Figure 4.4: Reaction coordinate diagrams of tbSP ring-opening in neutral (bottom) and oxidised
(top) states including each corresponding ionisation potential (IP). The depicted mechanism
describes a simplified model since there are multiple isomers of both Z - and E - open forms (see
Appendix). Relative free energies are given in kcal mol−1 taking the SP isomer as reference for
both structures.
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4.2.4. Electrochemistry of Photochemically Generated E -Merocyanine

The DFT calculations support that the merocyanine isomer Z-tbMC plays a role in
the mechanism of ring-opening. Indeed, breaking the Cspiro-O bond yields Z-tbMC
that is a true minimum (stable isomer) according to the calculation. In the neutral
state, Z-tbMC is close in energy to the opening/closing transition state (TS Opening),
so that it is a transient species in the experimental conditions. In contrast, the energy
of Z-tbMC+• is calculated to be lower than that of tbSP+• and it should have a longer
lifetime experimentally. Nevertheless, the E-isomer is substantially lower in energy
with a rather small isomerisation barrier (vide supra) and hence its rapid formation
upon oxidation of tbSP is expected even at low temperature. It should be noted that
the Z- and E- isomers are in fact a manifold of isomers (see Appendix),23 however, the
energy difference between these isomers is small and only the lowest energy conformers
are presented in Figure 4.4. The low barriers for each step raise a question as to the
detailed pathway for the electrochemical processes as rapid equilibria prior or after
electron-transfer steps will lead to essentially identical cyclic voltammograms.

4.2.4. Electrochemistry of Photochemically Generated
E -Merocyanine

The redox chemistry of tbMC was investigated by making use of its initial photochem-
ical generation from tbSP at -80 °C (with an absorbance of 0.9 at 590 nm and hence
a concentration of 0.05 mM) followed by a cyclic voltammogram within the potential
window of 0.0-0.7 V vs Ag/AgCl (Figures 4.5 and S4.6). Indeed, the observed reversible
oxidation at 0.45 V supports its assignment to tbMC, and the generation of this mero-
cyanine isomer via sequential oxidation and reduction of closed form tbSP as observed
with cyclic voltammetry at higher scan rates (Figure 4.3).
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Figure 4.5: UV-Vis absorption spectra of tbSP (2 mM) in butyronitrile (0.1 M TBAPF6) at -80 °C
before (black) and after irradiation at 340 nm to form tbMC (blue). Inset shows cyclic voltammo-
gram of the irradiated solution at -80 °C. Estimated concentration of tbMC is 0.05 mM (using the
average molar absorptivity obtained from repeated photoswitching measurements).
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4.2.5. UV-Vis-NIR Spectroelectrochemistry

The UV-Vis and NIR absorption spectrum of tbMC+• at 1.0 V obtained spectroelec-
trochemically at room temperature shows strong absorption bands at 355 nm and
505 nm, and weaker bands in the NIR region (777 nm, 877 nm, and 1008 nm, Fig-
ures 4.6 and S4.7). Subsequent reduction at 0.40 V resulted in a disappearance of the
visible and NIR bands and the reappearance of the absorption band of tbSP at 310 nm
together with a new absorption band at ca. 435 nm, assigned to E-tbMCH+ (Figure S4.8).
These assignments are consistent with time-dependent DFT (TD-DFT) calculations
performed on these species (see Appendix for details). These changes contrast with
those observed in the reversible one-electron oxidation of MeNSP, substituted with
a nitro- instead of tertbutyl-groups, in which an absorption band at 457 nm of the
radical cation of the closed form (i.e. MeNSP+•) appears and is relatively stable.36 On
the other hand, the NIR bands are comparable to those observed for the radical cation
of a spiropyran dimer,36 but the respective visible absorption bands (443 nm and 478
nm) do not match those observed for tbMC+• (355 nm and 505 nm). Furthermore,
dimerisation by indoline C-C coupling is not expected to occur upon oxidation of
tbSP since the reactive para-carbon position of the indoline unit is blocked by a chloro
substituent (Figure S4.9). Nevertheless, the absorption spectrum of tbMC+• indicates
that it is a similar type of radical cation with the radical delocalised over an extended
conjugated system, and its reversible electrochemical generation shows that, at room
temperature, tbSP essentially exhibits reversible switching of oxidation state between
the neutral closed form tbSP, and the radical cation open form tbMC+•.
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Figure 4.6: UV-Vis and FT-NIR absorption spectra of tbSP (4 mM) in acetonitrile (0.1 M TBAPF6)
at room temperature before oxidation (black) and at 1.0 V generating tbMC+• (violet). Inset
shows the cyclic voltammogram at 0.01 V s−1, the NIR spectra are re-scaled to show progression
of 1008 nm band.

The thermally unstable species tbSP+• and E-tbMC were generated as a demonstra-

4

122



4.2.5. UV-Vis-NIR Spectroelectrochemistry

tion of the full redox switching cycle by the preparative oxidation and reduction of tbSP
at low temperature monitored by UV-Vis absorption spectroscopy. At -80 °C, initially, a
band at 466 nm appeared (Figure S4.10), after which it decreased in absorbance con-
comitant with an increase at 510 nm together with several NIR absorption bands (i.e.,
tbMC+•). Notably, the band at 466 nm corresponds to that of the closed form radical
cation MeNSP+•,36 thus we assigned this absorption band to tbSP+• (Figure S4.11).
These data indicate that ring-opening in the oxidised state (from tbSP+• to tbMC+•)
occurs with a significant driving force and low barrier, consistent with the DFT results
of Figure 4.4.

At higher temperature (-60 °C), oxidation of tbSP resulted in the immediate appear-
ance of the 466 nm band assigned to tbSP+• as well as the characteristic absorption
bands of tbMC+• at 510 nm and several in the NIR (Figures 4.7 and S4.12). EPR spec-
troscopy at 77 K of this oxidised merocyanine species shows a single line at g = 2.004
and a linewidth of 1.2 mT indicating significant broadening due to unresolved hyper-
fine coupling (Figure S4.13). In contrast, the EPR spectrum of the oxidised open form
of the acridine spiropyran reported by Kubo et al. did exhibit hyperfine splitting.39

This suggests that the radical in tbMC+• is delocalised over an extensive part of the
molecule including the indoline unit. The DFT-computed spin density supports this
analysis (see Appendix).
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Figure 4.7: UV-Vis absorption spectrum of tbSP (1 mM) in butyronitrile (0.1 M TBAPF6) at -60 °C
(black) after preparative oxidation to form tbMC+• (violet) and after its subsequent reduction to
tbMC (blue). The difference in applied potential for oxidation and that required for reduction was
1.2 V, consistent with cyclic voltammetry (Figure 4.3). Inset shows EPR spectrum of tbMC+• at
77 K.

Subsequent reduction at -60 °C resulted in the loss of absorbance from tbMC+• and
the appearance of a band at 590 nm with a vibrational progression characteristic of
tbMC, which provides strong evidence of our proposed ring-opening of tbSP driven
by a redox cycle, as well as an additional broad band at 455 nm assigned to the
protonated species E-tbMCH+ (Figures 4.7 and 4.8). It should be noted, however, that
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the data do not exclude formation of Z-tbMC also after reduction since this isomer
will immediately ring-close to reform tbSP. The formation of the E-isomer through
preparative oxidative and then reductive electrolysis indicates that Z-E isomerisation
is facile in the monocationic state (tbMC+•) with > 25% yield. The yield is less than
complete, partly due to the generation of protons at the working electrode “trapping”
some of the E-tbMC in the thermally favoured E-tbMCH+ form (absorption band at
450 nm).37,38 This effect limits the extent of oxidation that can be realised under the
conditions employed. A second aspect to consider is the rapid equilibrium (low barriers)
between tbSP+• and tbMC+•, and hence upon switching to a reducing potential, under
diffusion-controlled conditions, the ring-closing to tbSP+• followed by its subsequent
reduction to tbSP competes with the desired reduction of tbMC+• to E-tbMC. In the
case of dithienylperhydrocyclopentene photochromes, this limit to efficiency was shown
to be overcome when immobilised as monolayers on a surface15 or incorporation in
thin polymer films.17
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Figure 4.8: Normalised UV-Vis absorption spectra of electrochemically generated tbMC (blue,
solid) and photochemically generated tbMC at -80 °C (blue, dashed), and a mixture of Z - and
E -tbMCH+ (orange) at PSS365nm (prepared by protonation and irradiation of tbSP).

4.3. Conclusions

The redox driven ring-opening of a photochromic spiropyran is facilitated by adding
electron-donating tert-butyl substituents ortho- and para- to the phenolic oxygen of
the benzopyran. The importance of the tert-butyl groups in achieving electrocatalytic
ring-opening was evident in the work of Kubo et al. also,39 thus we expect the formation
of a thermodynamically stable phenoxy radical to drive the merocyanine formation.
Additionally, next to preventing dimerisation, the chloro substituent on the indoline
unit is expected to destabilise the indoline-based radical cation that is formed initially
also.
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Although its redox potential is close to that of analogous spiropyrans,23 tbSP
shows much less interference from protonation during electrochemical measurements,
enabling ring-opening and Z-E isomerisation of the zwitterion. Therefore, ring-opening
and -closing of spiropyrans can be achieved by redox cycling in a manner analogous to
the well-known photochemical pathway and with similar conversion efficiencies.

Ultimately, this approach to molecular switching opens up opportunities in control-
ling interfacial properties by transient electrochemical as well as photochemical stimuli,
and is especially of relevance to molecular based devices in which optical access is
limited.
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Experimental Details

Materials and Methods

All chemicals for electrochemical and spectroscopic measurements and for the synthesis
of tbSP were purchased from Sigma-Aldrich or TCI and were used without further
purification. NMR spectra were obtained on a Bruker 400 spectrometer. Chemical
shifts (δ) are reported in parts per million (ppm) with respect to tetramethylsilane
and referenced to residual solvent (CHD2CN), and coupling constants are reported
in Hertz. Multiplicities are denoted as s = singlet, d = doublet, m = multiplet. Elec-
trospray ionisation mass spectrometry (ESI-MS) was recorded on an LTQ Orbitrap XL
spectrometer.

EPR spectroscopy (X-band, 9.5 GHz) was performed on a Bruker EMX Nano spec-
trometer in liquid nitrogen at 77 K. Samples were flash frozen in a capillary tube in
liquid nitrogen after generation of the desired species (monitored by UV-Vis absorption
spectroscopy). Fitting of EPR spectra was performed using EasySpin. UV-Vis absorption
spectra at room temperature were recorded on an Analytik Jena Specord 600 spectrom-
eter, and spectra at lower temperatures were recorded on an Agilent Technologies Cary
8454 spectrometer in a Unisoku CoolSpek USP-203-B cryostat. Irradiation at 340 nm,
365 nm, and 455 nm was provided by Thorlabs LEDs M340L4 (53 mW), M365LP1-C5
(435 mW), and M455L3-C5 (400 mW), respectively.

Electrochemical measurements were performed on a model 604E or 760B Electro-
chemical Analyzer (CH Instruments). Typical analyte concentrations were 1.0 mM in
acetonitrile (≥99.9%) or butyronitrile (≥99%) containing 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF6) and the electrodes employed were, unless stated oth-
erwise, a 3 mm diameter Teflon-shrouded glassy carbon (GC) working electrode (CH
Instruments), a Pt wire auxiliary electrode, and a Ag/AgCl wire reference electrode.
Cyclic voltammetry at lower temperatures was carried out, at -84 °C, using a liquid
nitrogen/ethyl acetate bath in a V-shaped tube, or, at -80 °C after irradiation, using a
Unisoku temperature control cell in a 1 cm pathlength quartz cuvette. UV-Vis absorp-
tion spectroelectrochemistry at room temperature was carried out using an optically
transparent thin-layer electrode (OTTLE) cell which consists of platinum mesh work-
ing and auxiliary electrodes, and a Ag/AgCl wire reference electrode in a liquid IR
cell modified with quartz windows. Preparative oxidation and reduction experiments
(bulk electrolysis) at lower temperatures were carried out in a Unisoku temperature
control cell using a 2 mm pathlength quartz cuvette equipped with a Pt mesh working
electrode, a Pt wire counter electrode, and a Ag/AgCl reference electrode.

Synthesis

tbSP was prepared according to the standard Fischer base synthetic procedure.23
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Synthesis of tbSP.

5-chloro-1,3,3-trimethyl-2-methyleneindoline (2.55 mmol, 530 mg) was added drop-
wise to a solution containing 3,5-ditertbutylsalicaldehyde (2.16 mmol, 507 mg) in 35 ml
ethanol. The reaction mixture was heated at reflux overnight under argon. The solvent
was removed in vacuo and the resulting crude was dissolved in cold ether and passed
over a P4 glass filter. An obvious residue was not collected on the filter but it turned pur-
ple. The P4 filter was washed (upside down) with ethanol to remove the purple-colored
species. The product 6,8-di-tert-butyl-5’-chloro-1’,3’,3’-trimethylspiro[chromene-2,2’-
indoline] (tbSP) precipitated from the ethanol solution as pinkish-white crystals (290
mg, 31 % yield). 1H NMR spectroscopy (CD3CN, 400 MHz, ): δ 7.21 (d, J = 2.5 Hz, 1H,
h/i), 7.13 – 7.09 (m, 2H, k & l), 7.06 (d, J = 2.4 Hz, 1H, h/i), 6.97 (d, J = 10.2 Hz, 1H, g),
6.47 (d, J = 8.8 Hz, 1H, j), 5.76 (d, J = 10.2 Hz, 1H, f), 2.63 (s, 3H, e), 1.32 (s, 3H, c/d),
1.27 (s, 9H, a/b), 1.18 (s, 3H, c/d), 1.11 (s, 9H, a/b). HRMS (ESI/Orbitrap) m/z: [M]+
Calculated for C27H34ClNO 424.2402; Found 424.2395. Elemental Analysis Calculated
for C27H34ClNO: C, 76.48; H, 8.08; N, 3.30. Found: C, 76.69; H, 8.20; N, 3.34.
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Appendix
Supporting Figures
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Figure S4.1: Normalised UV-Vis absorption spectra of E-tbMC generated from tbSP at -40 °C
in acetonitrile via the protonation-deprotonation pathway (blue, solid) and photochemically at
-80 °C in butyronitrile (blue, dashed).

250 350 450 550 650 750
Wavelength (nm)

0.0

0.2

0.4

0.6

0.8

1.0

Ab
so

rb
an

ce

tbSP
10 minutes after addition of CF3SO3H
after subsequent addition of NaOAc

Figure S4.2: UV-Vis absorption spectra of tbSP (43 µM) in acetonitrile at -40 °C (black) 10
min after addition of 2.5 eq. CF3SO3H without irradiation (orange), and after subsequent
deprotonation with 25 eq. NaOAc to yield E -tbMC (blue).
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Figure S4.3: UV-Vis absorption spectra of tbSP (59 µM) in acetonitrile at room temperature
(black) after addition of 4 eq. CF3SO3H (yellow, solid), irradiation with 365 nm (orange) and
irradiation with 455 nm (yellow, dashed).
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Figure S4.4: Cyclic voltammetry (2nd cycles) of tbSP (1 mM) in acetonitrile (0.1 M TBAPF6) at
20 °C at various scan rates.
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Figure S4.5: Cyclic voltammetry of tbSP (1 mM) in butyronitrile (0.1 M TBAPF6) at -84 °C at 0.1
(solid) and 1.0 V s−1 (dashed).
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Figure S4.6: Cyclic voltammograms at -80 °C in butyronitrile (0.1 M TBAPF6) of a mixture of
tbSP and tbMC, formed by irradiation at 340 nm, recorded first (blue, solid) between 0.0-0.7 V
and subsequently over the extended potential window of tbSP (blue, dashed, 0.0-1.2 V).
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Figure S4.7: UV-Vis and FT-NIR spectra of tbSP (4 mM) in acetonitrile (0.1 M TBAPF6) at room tem-
perature before oxidation (black) and at 1.0 V (violet). Inset cyclic voltammogram at 0.01 V s−1.
Original spectra without re-scaling. The difference in absorbance of the 1008 nm band is due
to the measurements having been recorded in two separate experiments using different stock
solutions.
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Figure S4.8: UV-Vis absorption spectra of tbSP (4 mM) in acetonitrile (0.1 M TBAPF6) during
spectroelectrochemistry at room temperature before oxidation (black), at 1.0 V (violet) and after
subsequent reduction (orange) showing the remaining absorption due to E -tbMCH+.
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Figure S4.9: Cyclic voltammogram of 4-Cl-N,N -dimethylaniline (1 mM) in acetonitrile (0.1 M
TBAPF6) at 0.01 V s−1 showing reversible redox chemistry.
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Figure S4.10: UV-Vis absorption spectrum of tbSP (1 mM) in butyronitrile (0.1 M TBAPF6) at
-80 °C after application of 1.2 V (red) showing the appearance of the 466 nm absorption band of
tbSP+•.
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Figure S4.11: UV-Vis absorption spectra of tbSP+• (red) and MeNSP+• (navy) in butyronitrile
at -60 °C immediately after addition of 1 eq. Magic Blue to tbSP (1 mM) and MeNSP (1 mM),
respectively. The spectrum of Magic Blue in acetonitrile (gray) is included for comparison. The
dashed vertical lines indicate the matching absorption maxima.
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Figure S4.12: UV-Vis absorption spectra of tbSP (1 mM) in butyronitrile (0.1 M TBAPF6) at -60 °C
during preparative oxidation to form initially tbSP+• (red) which gradually converted to tbMC+•

(violet). Note that spectra are not at equal time intervals.
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Figure S4.13: Experimental EPR spectrum of tbMC+• at 77 K (violet, dashed) and fit (gray, solid)
performed with Easyspin from which were obtained a g-factor of 2.00403 and a linewidth of
1.229 mT.
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Modelling of ECEC Mechanism

The following reaction mechanism was modelled using Python 3.8:

A
kf,E1

k1

B

CD

kb,E1

kb,E2

kf,E2

k2

The code developed by Peter Mattia for an EC mechanism was adapted for use in
Python with an ECEC mechanism.41 The electrochemical steps were modelled using the
Butler-Volmer model. However, since experimentally the reactions are electrochemically
reversible, even at relatively high scan rates, the electrochemical rate constants were set
sufficiently large (i.e., 10 cm s−1) so as to not be rate-limiting.

The concentrations are denoted by A[i1, i2], where the first index denotes time,
and the second denotes space. Using the finite-difference method and the explicit
method, the following equations are obtained for the diffusion under Fick’s laws, when
all diffusion coefficients are assumed equal:

A[i1 + 1, i2] = A[i1, i2] +DM ∗ (A[i1, i2 + 1] +A[i1, i2− 1]− 2 ∗A[i1, i2]) + km2 ∗D[i1, i2]

B[i1 + 1, i2] = B[i1, i2] +DM ∗ (B[i1, i2 + 1] +B[i1, i2− 1]− 2 ∗B[i1, i2])− km1 ∗B[i1, i2]

C[i1 + 1, i2] = C[i1, i2] +DM ∗ (C[i1, i2 + 1] +C[i1, i2− 1]− 2 ∗C[i1, i2]) + km1 ∗B[i1, i2]

D[i1 + 1, i2] = D[i1, i2] +DM ∗ (D[i1, i2 + 1] +D[i1, i2− 1]− 2 ∗D[i1, i2])− km2 ∗D[i1, i2]

Here, DM is the model diffusion coefficient (page 788 of Bard and Faulkner), set to
0.45, and km1 and km2 are the normalised dimensionless kinetic parameters (page 797
of Bard and Faulkner).42 At the surface, the concentrations need to be updated using
the Butler-Volmer model. The fluxes of both redox couples are:

JA[i1 + 1] =
kf E1[i1 + 1] ∗A[i1 + 1,1]− kbE1[i1 + 1] ∗B[i1 + 1,1]

1 +Dx/Dc ∗ (kf E1[i1 + 1] + kbE1[i1 + 1])

JC[i1 + 1] =
kf E2[i1 + 1] ∗C[i1 + 1,1]− kbE2[i1 + 1] ∗D[i1 + 1,1]

1 +Dx/Dc ∗ (kf E2[i1 + 1] + kbE2[i1 + 1])

The values for kbE1, kbE2, kf E1, and kf E2 are calculated using the potential and
the Butler-Volmer model, Dx is the spatial step, and Dc is the diffusion coefficient of all
species. The surface concentration (at spatial point 0) is updated using:
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A[i1 + 1,0] = A[i1 + 1,1]− JA[i1 + 1] ∗ (Dx/Dc) + km2 ∗D[i1 + 1,0]

B[i1 + 1,0] = B[i1 + 1,1] + JA[i1 + 1] ∗ (Dx/Dc) + km1 ∗B[i1 + 1,0]

C[i1 + 1,0] = C[i1 + 1,1]− JC[i1 + 1] ∗ (Dx/Dc) + km1 ∗B[i1 + 1,0]

D[i1 + 1,0] = D[i1 + 1,1] + JC[i1 + 1] ∗ (Dx/Dc)− km2 ∗D[i1 + 1,0]

The current density was calculated by adding both sources of current:

J = −nF(JC + JA)

The capacitance was then added to the calculated current density:

I_withcap = (J − capacitance ∗ v) ∗A

Where v is the scan rate, taking the direction of scanning into account (i.e., at the
start v = 1 V s−1 and at the vertex v = -1 V s−1), and A is the area of the electrode (a 0.3
cm diameter electrode was used).

Since one simulation takes 30 s and the experimental data is not free of imperfec-
tions, it was not feasible to perform least-squared fitting with multiple free parameters.
Therefore, the data was fitted graphically, for a single scan rate. This means that the
obtained parameters are a rough estimate of the true optimized value.

As mentioned before, since, experimentally, reversible electrochemistry is observed
even at relatively high scan rates, the electrochemical reactions are considered diffusion
limited, (i.e., the electrochemical rate constants are set sufficiently high so as never to
be the limiting factor for the current).

The simulation with k1 = 30 s−1 and k2 = 15 s−1 was found to match closely with the
experimental data (Figure S4.14), corresponding to a barrier (∆G‡) of 15.4 kcal mol−1

for B to C, and 15.8 kcal mol−1 for D to A.
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Figure S4.14: Simulated and experimental cyclic voltammograms.
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Computational Details

All theoretical calculations were performed with the Gaussian16.A03 code,43 using
default approaches, algorithms and thresholds, except when noted below. We have
followed a computational protocol similar to the one proposed by Bieske44 and applied
in our previous reports as well.38,45 We performed DFT geometry optimization and
vibrational frequency calculations with the PW6B95D346 functional combined with
the def2-TZVP atomic basis sets. We accounted for solvent effects systematically using
the Polarisable Continuum Model,47 considering CH3CN as medium. For determining
the various transition-states, we followed exactly the same protocol as in our previous
works,38,45 that is, we computed the Hessian at each step; starting from scans along the
target coordinate. Note that, as in our previous reports, the broken-symmetry (BS-DFT)
wavefunction collapsed into the restricted solution and the latter approach is therefore
followed, which should result in overestimated barriers for rotations around the double
bond. TD-DFT calculations were performed with the CAM-B3LYP functional48 and
the aug-cc-pVDZ, using the vertical approximation. We are well aware of the limits
of the vertical approximation but we are here interested in trends between systems.
We note that, with such approximation, one naturally expects the theoretical vertical
values to be blue-shifted as compared to measured λmax. Finally, the vertical ionisation
potentials (IPs) have been obtained by Delta SCF procedure. Cartesian coordinates for
the molecular structures displayed in Figure 4.4, both ground and transition states, can
be found in the Supporting Information of our publication.49

Analysis of the neutral and radical cationic SP forms
For the tbSP, TD-DFT returns the three first vertical excitations at 287 nm (f = 0.10),
269 nm (f = 0.07), and 250 nm (f = 0.04). The first transition corresponds to the
experimental absorption band peaking at 310 nm. The difference between 287 and
310 nm (+0.32 eV) is typical of the use of the vertical approach with a range-separated
hybrid. We note that the theoretical value is blue-shifted, which is the normal error
sign in such vertical theory versus experimental λmax comparison.

For tbSP+•, the spin density distribution reveals it is located on the indolino unit
(Figure S4.15). For this species, PCM-TD-CAM-B3LYP calculations return the following
(first five) vertical excitations: 669 nm (f = 0.01), 510 nm (f = 0.01), 476 nm (f = 0.09),
420 nm (f = 0.05), and 403 nm (f = 0.15). The 669 nm absorption corresponds to a charge
transfer (CT) transition between the two moieties of the compound (Figure S4.15),
explaining its extremely weak oscillator strength. In the experimental measurement
(Figure S4.11), it is likely buried under the absorption band of Magic Blue. The stronger
absorption at 403 nm is a local π-π* transition associated to the indolino unit, the
local character explaining the much stronger intensity. A convolution of the theoretical
excitations (with a broadening Gaussian of HWHM of 0.33 eV) yields a maximum at
420 nm, a shift of +0.34 eV from the experimental band of Figure S4.11. Interestingly
this shift is rather similar to the one noted for tbSP.
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Figure S4.15: From left to right: representation of tbSP+•, its ground state spin density (contour
0.001 au) and the density difference plots corresponding to the vertical transitions at 669 and
403 nm, respectively. For the two latter, we use a contour threshold of 0.002 au and the red
(blue) lobes correspond to increase (decrease) of density upon excitation.

Analysis of the neutral and mono-protonated E -MC forms
In Figure S4.16, we represent the four well-known possible conformers of E-tbMC
together with their relative free energy (w.r.t. tbSP) and the computed vertical transition
energies. We note that, as expected for the open merocyanine species, the lowest-lying
transition is always very strongly dipole allowed. The results follow expectations,
with all merocyanines being slightly less stable than the closed spiropyran forms and
presenting a strongly red-shifted band as compared to tbSP.

+2.61 kcal mol-1
502 nm (f = 0.86)

+2.54 kcal mol-1
486 nm (f = 0.86)

+4.37 kcal mol-1
502 nm (f = 0.88)

+5.51 kcal mol-1
487 nm (f = 0.84)

Figure S4.16: Representation of the four possible E -tbMC conformers, with their relative free
energies as compared to tbSP in kcal mol−1, as well as the computed vertical transition wave-
length (nm) to the lowest excited state.

We have also considered the protonated forms corresponding to the ones displayed
above (in which the oxygen is protonated, that is, E-tbMCH+), as these forms are
considered experimentally. This leads to vertical transitions at 408 nm (f = 1.05),
393 nm (f = 1.06), 407 nm (f = 1.05), and 382 nm (f = 1.00) for the four conformers
corresponding to those displayed in Figure S4.16. The most stable protonated conformer
is the first one, and its absorption at 408 nm is again blue-shifted as compared to
experiment (435 nm) with a difference of +0.18 eV between the vertical TD value and
the experimental λmax.

Analysis of the radical cationic E -MC forms
In Figure S4.17, we display the same conformers as in Figure S4.16, but for the radical
cationic forms, i.e., E-tbMC+•. Strikingly, the MC forms are more stable than the SP
forms for the radical cations, by values going from -5.77 to -2.94 kcal mol−1. The
most stable radical (leftmost in Figure S4.17) has a radical principally localised on its
benzopyran unit, but with significant delocalisation on the bridge as well as on the
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indolino segment. This much stronger delocalisation than in tbSP+• (vide supra) quali-
tatively explains the gain in stability. For the most stable E-tbMC+• conformer, TD-DFT
calculations return two very low-lying excited states, the second one being significantly
(though not strongly) dipole allowed: 743 nm with f = 0.10. This corresponds to the
low-lying band in the 750-1050 nm domain observed experimentally (Figure 4.6 of
the main text). Again, theory is blue-shifted as compared to experiment but numerical
comparisons are not easy, given the complex structure of the experimental absorption
band. The first strong absorption is located at 452 nm (f = 0.48) in the calculation,
which corresponds to the strong absorption at 505 nm experimentally (blue-shift of
+0.29 eV between theory and experiment).

-5.77 kcal mol-1
759 nm (f = 0.00)
743 nm (f = 0.10)
506 nm (f = 0.14)
452 nm (f = 0.48)

-4.90 kcal mol-1
806 nm (f = 0.00)
751 nm (f = 0.10)
506 nm (f = 0.10)
434 nm (f = 0.51)

-3.50 kcal mol-1
760 nm (f = 0.00)
706 nm (f = 0.08)
496 nm (f = 0.14)
440 nm (f = 0.45)

-2.94 kcal mol-1
806 nm (f = 0.00)
702 nm (f = 0.08)
488 nm (f = 0.09)
419 nm (f = 0.48)

Figure S4.17: Representation of the spin densities for the four possible E -tbMC+• conformers,
with their relative free energies as compared to tbSP+• in kcal mol−1, as well as the computed
four lowest vertical transition wavelengths (nm).

For the most stable conformer of E-tbMC+•, we show the density difference plots
corresponding to the 759 and 452 nm transitions in Figure S4.18. As can be seen, the
former is localised on one moiety with the oxygen center acting as the donor group,
whereas the more intense band at 452 nm is related to a delocalised π-π* like transition.

Figure S4.18: Density difference plots corresponding to the vertical transitions at 759 and 452
nm of the most stable conformer of E -tbMC+•. See caption of Figure S4.17 for more details.
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Chapter 5. Redox Switching of a Spiropyran on Gold

Abstract

Immobilisation on a surface allows for instantaneous electrochemical switching of
compounds. Non-destructive read-out of the state of the compound requires surface-
sensitive techniques that provide structural information. Surface-enhanced Raman
scattering (SERS) spectroscopy is an ideal tool, however, sufficient reference data
is required for interpretation of spectra. In this chapter, the redox chemistry of a
ditertbutyl-substituted spiropyran (MetbSPSS) was investigated both in solution and
self-assembled on gold surfaces. Redox switching in its immobilised state was con-
firmed by electrochemical measurements at various temperatures. The relevant isomers
involved in the oxidation-reduction switching cycle, both neutral and oxidised states,
were characterised by Raman spectroscopy. These data provide a reference set for future
measurements with which electrochemical switching on surfaces can be characterised
by SERS spectroscopy.

5.1. Introduction

Redox-driven switching of molecules immobilised on a surface is a logical second
step after establishing functionality in solution, as exemplified in studies on surfaces
functionalised with well-known molecular switches, e.g., overcrowded alkenes,1 even
aiming towards unidirectional motion,2 and dithienylethenes.3,4 When immobilised on
a surface, the response to electrochemical switching is instantaneous due to the removal
of diffusion-controlled contributions from the system. Electrochemically triggered
degradation pathways observed in solution can potentially be avoided.

In this chapter, we build upon the redox switching of a ditertbutyl-substituted
spiropyran (CltbSP) in solution discussed in Chapter 4.5 We investigate the electrochem-
ical behaviour of an alkyldithiolane-substituted analogue (MetbSPSS, see Scheme 5.1)
on smooth gold electrode surfaces and colloids, and compare it with cyclic voltammetry
in solution of both CltbSP and MetbSPSS. Immobilisation on roughened gold would
enable characterisation of the changes occurring during oxidation-reduction cycles by
surface-enhanced Raman scattering (SERS) spectroscopy. However, obtaining spectral
data of the expected species formed is a prerequisite.

The methyl-substituted, rather than the chloro-substituted analogue, was prepared
for two reasons: Firstly, the methyl-substituted spiropyran is expected to have a less
positive oxidation potential than the chloro-substituted analogue, due to the electron-
donating properties of the methyl group. This should aid in preventing the protonation
encountered during voltammetry for CltbSP, due to the less positive potentials required
for oxidation.5 Secondly, a methyl group is less likely to undergo electrochemical
reactions, compared to a chloro group, especially when the spiropyran is in a self-
assembled monolayer (see also Chapter 3).6
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Scheme 5.1: Redox chemistry of the methyl- and ditertbutyl-substituted spiropyran with a 1,2-
dithiolane chain MetbSPSS reported here, and the name used for its self-assembled monolayers
on gold (MetbSPSS-Au). tbSP = ditertbutyl-spiropyran; tbMC = ditertbutyl-merocyanine.

5.2. Results & discussion

5.2.1. Synthesis and Characterisation in Solid State

MetbSPSS was synthesised using previously reported procedures (see Experimental
Details).5,7

The solid-state ATR-FTIR and Raman spectra of MetbSPSS (λexc 785 nm) and
CltbSP (λexc 1064 nm) are similar but with notable differences (Figures 5.1 and S5.1).
As expected, MetbSPSS shows an additional band at 1735 cm−1 due to the carbonyl
of the ester of the dithiolane linker, which is pronounced in its FTIR spectrum, and
small shifts in the position of the C=C stretching bands at ca. 1610 cm−1. Similarly,
the Raman spectra of the two compounds are largely the same with the Raman band
at 1618 cm−1 for MetbSPSS shifted to 1600 cm−1 in the spectrum of CltbSP. Further
differences between the solid-state Raman spectra appear as minor shifts of the bands at,
among others, 1360 to 1346 cm−1, and 1222 to 1232 cm−1, for MetbSPSS and CltbSP,
respectively.

5.2.2. Photochromism and Acidochromism in Solution

5.2.2.1. Photochromism
Irradiation of MetbSPSS at 300 nm at both -30 °C and -80 °C results in the generation of
the ring-opened merocyanine form (MetbMCSS) (Figure 5.2). Photochemical switching
is inefficient due to the low photo-stationary state that can be reached as well as
competing photo-degradation ascribed to the presence of the dithiolane functional
group (Figure S5.2). pH jumping experiments (vide infra) indicate that the conversion
reached photochemically is ca. 10 %.
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Figure 5.1: (left) ATR-FTIR spectra of MetbSPSS (black) and CltbSP (red), and (right) solid-state
Raman spectra of MetbSPSS (λexc 785 nm, black) and CltbSP (λexc 1064 nm, red). The FTIR
spectra were offset for clarity. The Raman spectra were baseline corrected, normalised, and
offset for clarity.

5.2.2.2. Acidochromism
The protonation-induced ring-opening to the protonated Z-merocyanine form and
subsequent photochemical Z-E isomerisation are analogous to the behaviour described
previously for the chloro-substituted analogue CltbSP (Figure 5.3).5 Likewise, ther-
mally induced Z-E isomerisation is observed even at -30 °C, since addition of base
to a mixture of MetbSPSS and TfOH, without irradiation at 365 nm, produces the
E-merocyanine isomer, which is only formed from deprotonation of E-MetbMCSSH+.
At -30 °C, the open form is stable for at least an hour (Figure 5.3), but at 20 °C, any
MetbMCSS generated from the addition of base to a mixture of Z- and E-MetbMCSSH+

(PSS365) undergoes rapid ring-closing within the mixing time (vide infra).
It is of note that the protonated merocyanine isomers of CltbSP and MetbSPSS have

absorption maxima at longer wavelengths than those of nitro-substituted spiropyrans
(NSP),8 for both the Z- and E-isomers. The opposite would be expected, considering
the electron-withdrawing nitro-group on NSP that stabilises the merocyanine HOMO.
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Figure 5.2: UV-Vis absorption spectra of in CH3CN at -30 °C of (left) MetbSPSS (60 µM) before
(black) and after irradiation at 300 nm (magenta), and (right) MetbSPSS (20 µM) in butyronitrile
at -80 °C before (black) and after irradiation at 300 nm (magenta). In both cases, the PSS300nm
was not reached due to (left) photodegradation related to the dithiolane functional group, and
(right) formation of ice crystals at -80 °C resulting in scatter affecting the baseline.
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Figure 5.3: UV-Vis absorption spectra of MetbSPSS (60 µM) in CH3CN (black) at (left) 20 °C after
addition of TfOH (3 eq., yellow solid), and after subsequent sequential irradiation at 365 nm
(orange) and 455 nm (yellow, dashed), and (right) -30 °C after addition of TfOH (2 eq., yellow),
immediately after subsequent addition of NaOAc (10 eq., magenta, solid), and after 13 minutes
(magenta, dashed). The latter spectrum is evidence for thermal ring-closing.
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5.2.2.3. Thermal Relaxation of Merocyanine to Spiropyran Form
As discussed above for MetbSPSS, and previously for CltbSP,5 addition of base to the
E-protonated merocyanine isomer generates the neutral merocyanine isomer, which
is present only transiently at room temperature, undergoing rapid ring-closing to the
spiropyran isomer within the time taken for mixing with the added base (Figure 5.3).
An accurate determination of the kinetics of this process for CltbMC was made by pH
jumping using stopped-flow with rapid mixing of the base and the protonated merocya-
nine (Figure 5.4), which yielded a 1.00 s lifetime of CltbMC at room temperature. Laser
flash photolysis experiments showed that the ring-closing of the E-merocyanine isomer
to the spiropyran from, followed by UV-Vis transient absorption (TA) spectroscopy (Fig-
ure 5.5), proceeded with a lifetime of ca. 0.5 s, corresponding well with that determined
from stopped-flow measurements.
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Figure 5.4: UV-Vis absorption
spectra after rapid mixing of
equal volumes of a mixture of
Z - and E -CltbMCH+ in CH3CN
(generated from CltbSP (120
µM) with TfOH (1 eq.) at
PSS365nm) and NaOAc (10 eq.)
in CH3CN/H2O (9:1) showing the
thermal ring-closing of E -CltbMC
(magenta to black). (inset) Single-
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in area of the wavelength range
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Figure 5.5: UV-Vis transient absorption spectra of
CltbSP in CH3CN with ns-pulsed excitation (0.5 Hz)
at 355 nm. The experiment was performed without
stirring since this can have a pronounced effect on
measured lifetimes of around this value.

5.2.2.4. SERS Spectroscopy with Aggregated Au Colloid
SERS spectra (λexc 785 nm) of MetbSPSS obtained by aggregation of citrate-stabilised
colloidal gold were only observed after addition of aq. H2SO4, with the appearance of
several bands, including an intense band at 1585 cm−1 (Figure 5.6). During acquisition
of Raman spectra at 785 nm, a band at 1525 cm−1 appeared, hinting at Z-E isomerisation
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induced by the laser as seen before for MeNSPSS (see Chapter 3). Irradiation at 365
nm (ex situ) of the sample at pH = 0 did not induce further changes. Subsequent
addition of concentrated KOH (aq.), to generate the deprotonated merocyanine isomer
E-MetbMCSS, resulted in the appearance of a number of new bands, with notable ones
at 1610, 1365, 1285, and 980 cm−1. These marker bands will be useful as reference
material for SERS data obtained of redox switching measurements on gold.
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Figure 5.6: SERS spectra (λexc 785 nm) of MetbSPSS on Au colloid in H2O after addition of
conc. H2SO4 (aq.) (yellow), after subsequent acquisition of spectra at 785 nm (orange), and
after subsequent addition of conc. KOH (aq) (magenta). *Raman bands of plastic cuvette.

5.2.2.5. Resonance Raman Spectroscopy of Protonated and DepronatedMerocyanine
Isomers

The tbMC isomer of both MetbMCSS and CltbMC was generated by the sequential
addition of acid, irradiation at 365 nm, and addition of base, at -30 °C. Taking this
approach allows for generation of higher concentrations of the merocyanine form than
possible by irradiation alone at -30 °C (Figure 5.2). Raman spectra recorded at 633 nm
are obscured by emission from the tbMC isomer, with ring-closing evident from the
concomitant decrease in absorbance and emission intensity. Excitation at 405 nm
revealed several (resonantly-enhanced) Raman bands of the merocyanine isomer.
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Figure 5.7: (top) UV-Vis absorption spectra at -30 °C in CH3CN of CltbSP (60 µM) and MetbSPSS
(60 µM) (black) after addition of TfOH (1.5 eq.) and irradiation at 365 nm (orange), and after
subsequent addition of NaOAc (10 eq., in CH3CN/H2O 9:1) (magenta). (bottom) Corresponding
Raman spectra (λexc 405 nm) of CltbSP and MetbSPSS after addition of TfOH (1.5 eq.) and
irradiation at 365 nm (orange and yellow, respectively), and after subsequent addition of NaOAc
(10 eq.) (magenta and purple, respectively). #room lights, ∗solvent.

Initially, with acid present, solutions of CltbSP show several resonantly-enhanced
Raman bands at 1595, 1540, 1245, 1125, 1000, and 980 cm−1, which do not change
significantly in intensity upon irradiation at 365 nm, due to Z-E isomerisation of
Z-CltbMCH+ induced by the 405 nm laser within the confocal volume already (Fig-
ure 5.7). Addition of base (NaOAc) results in the disappearance of bands assigned to
CltbMCH+, and the appearance of new, relatively weak, bands at 1617 and 1580 cm−1.

For MetbSPSS, a few differences are apparent in the resonantly-enhanced Raman
spectra at 405 nm of the protonated merocyanine isomer, notably the bands at 1530
(instead of at 1540), 1485, 1195, and 1106 cm−1. Again, irradiation at 365 nm did
not induce any further changes to the spectrum. After subsequent addition of base
to the solution, several strong Raman bands appeared, that we assign to the neutral
merocyanine isomer (MetbMCSS), at 1620, 1585, 1540, 1190, 1140, and 1000 cm−1.
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The extra Raman bands observed for the measurement with MetbSPSS are likely partly
due to the approximately four times higher concentration of MetbMCSS generated by
the acid-base cycle (Figure 5.7). However, the difference in substitution on the indolino
unit plays a role too, evidenced by the differences in the Raman spectra obtained at 405
nm of CltbMCH+ and MetbMCSSH+. These data indicate that solely MetbSPSS can
provide reliable reference spectra of the protonated ditertbutyl-merocyanine isomers
for comparison with SERS spectra of MetbSPSS-Au.

A comparison of the Raman spectra at 405 nm after an acid-base cycle with those
on Au colloid reveals a common Raman band at 1530 cm−1 that we accordingly assign
to E-MetbMCSSH+, as well as several to MetbMCSS: 1615, 1500, and 1140 cm−1.

5.2.3. Electrochemistry and Spectroelectrochemistry in Solution

5.2.3.1. Cyclic Voltammetry
The cyclic voltammetry of MetbSPSS is similar to that of CltbSP (Figure 5.8). Elec-
trochemically reversible oxidation of the closed form occurs at 0.9 V which, at lower
scan rates such as 1.0 V/s, is out-competed by ring-opening to the merocyanine radical
cation. The subsequent reduction of MetbMCCSS+• at 0.5 V is accompanied by a
corresponding oxidation that is not readily apparent, due to the low concentration of
the generated MetbMCSS. At -20 °C, the rate of ring-opening in the oxidised state has
reduced sufficiently to see essentially fully reversible oxidation of MetbSPSS at 0.9
V at a relatively low scan rate, 1.0 V/s. Overall, the redox behaviour of MetbSPSS in
solution corresponds well to that of CltbSP, apart from the relatively greater sensitivity
to protonation during cyclic voltammetry for MetbSPSS.
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Figure 5.8: Cyclic voltammograms of MetbSPSS (1 mM) in solution at (left) 20 °C in CH3CN
(0.1 M TBAPF6) and (right) -20 °C in DCM (0.1 M TBAPF6). The CVs were not corrected for
uncompensated resistance (iR drop), except for that at 100 V/s.

5

153



Chapter 5. Redox Switching of a Spiropyran on Gold

5.2.3.2. UV-Vis Absorption Spectroelectrochemistry
UV-Vis spectroelectrochemistry of MetbSPSS was carried out using a porous carbon
(reticulated vitreous carbon, or rvc) working electrode, since the use of a platinum
working electrode resulted in mainly the appearance of an absorption band at 435
nm due to solution acidification and formation of E-MetbMCSSH+ (Figure 5.9). With
the carbon working electrode, electrolysis at 1.0 V vs Ag/AgCl initially resulted in
the appearance of an absorption band at 515 nm, as well as several NIR bands at 800,
900, and 1000 nm, assigned to the merocyanine radical cation. Concomitantly, the
absorption band at 435 nm of E-MetbMCSSH+ appears also and persists even after
holding the potential at 0.2 V to reduce the merocyanine radical cation.

At -20 °C, the initial formation of MetbMCSS+• is apparent, with again the eventual
generation of E-MetbMCSSH+, evidenced by its residual absorption at 435 nm after an
oxidation-reduction cycle (Figure 5.9). The changes in UV-Vis absorption of MetbSPSS
upon oxidation and subsequent reduction indicate similar redox behaviour to that
reported for CltbSP, i.e. oxidation followed by ring-opening; reduction followed by
ring-closing, but with one notable difference: the increased propensity for protonation
of MetbSPSS compared to CltbSP.
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Figure 5.9: UV-Vis absorption spectra in a 5 mm pathlength cuvette of (left) MetbSPSS (1
mM) in CH3CN (0.1 M TBAPF6) at 20 °C before (black), during bulk electrolysis with a porous
carbon electrode at 1.0 V (light blue-cyan), and subsequently at 0.2 V (beige-orange), and (right)
MetbSPSS (130 µM) in DCM (0.1 M TBAPF6) before (black), at 0.9 V (cyan), and after subsequent
application of 0.2 V vs Ag/AgCl (orange).

5.2.3.3. Resonance Raman Spectroscopy of Oxidised Species
Chemical oxidation of CltbSP with Magic Blue (MB) yields CltbMC+•.5 Raman spectra
recorded at 785 nm were dominated by intense background fluorescence, possibly
originating from the merocyanine form. At 1064 nm, which is resonant with the long

5

154



5.2.3. Electrochemistry and Spectroelectrochemistry in Solution

wavelength absorption bands, interference from fluorescence was avoided and Raman
spectra of both CltbSP and MetbSPSS after addition of 1 equivalent of Magic Blue
(Figure 5.10), i.e. of the merocyanine radical cations CltbMC+• and MetbMCSS+•,
respectively, showed resonantly-enhanced bands at 1595, 1569, 1410, 1325, 1212, 1180,
and 1110 cm−1.
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Figure 5.10: Raman spectra (λexc 1064 nm) of MetbMCSS+• (cyan) and CltbMC+• (light blue),
generated upon addition of MB (1 eq.) to MetbSPSS (1 mM, dark gray) and CltbSP (1 mM, light
gray), respectively, in CH3CN at -25 °C. See Figure 5.9 and Chapter 4 for corresponding UV-Vis
absorption spectra.

The notable independence of the Raman spectra of CltbMC+• and MetbMCSS+•

at 1064 nm of substitution on the indolino unit, i.e. the chloro- and methyl-groups, is
opposite from that observed in solid state of the neutral closed spiropyrans (Figure 5.1),
and indicates that the absorption band at 1000 nm is a transition centered on the
benzopyran unit for both species. This is in agreement with the calculations previously
performed for the isomers of CltbSP,5 where the electron density difference plot
of the low-energy vertical transition at 743 nm of CltbMC+•, corresponding to the
experimental absorption in the 750-1050 nm region, shows that it is localised on the
benzopyran moiety with the oxygen atom serving as the donor group.

These Raman bands serve as marker bands of the ditertbutyl-merocyanine radical
cation in future SERS spectroscopy measurements of MetbSPSS-Au during electro-
chemical oxidation on a roughened gold surface. Of the four known species involved
in the redox switching of ditertbutylspiropyrans, the oxidised closed form remains to
be characterised by Raman spectroscopy. The inherent instability of the ditertbutyl-
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spiropyran radical cation complicates the Raman characterisation, but we have shown
earlier (in Chapter 4) that the radical cation should be sufficiently long-lived at -60 °C
to allow for the acquisition of Raman spectra. Since CltbSP+• has electronic absorption
at the same range of wavelengths as its nitro-substituted analogue MeNSP, resonance
enhancement is likewise expected at 457 nm (see Chapter 3).

5.2.4. Electrochemistry on Gold Surfaces

5.2.4.1. Cyclic Voltammetry on Smooth Gold
Cyclic voltammetry of MetbSPSS-Au (SAMs) on a smooth (i.e. non-roughened) gold
electrode gives us insight into the redox behaviour of this spiropyran on a gold surface
(Figure 5.11). The combined cyclic voltammetric data at room temperature and lower
temperatures indicate similar behaviour to that of MetbSPSS (and CltbSP) in solution
(Figure 5.8).5 An electrochemically reversible oxidation at around 0.9 V (most clearly
observed in the data at -20 °C), is followed by a chemical reaction that produces a
redox-active species with a reversible reduction at around 0.6 V. The redox wave at 0.6
V is only observed in the 2nd cycle, and only at certain scan rates low enough to provide
sufficient time for MetbSPSS+•-Au to form. The redox switching observed in solution
for MetbSPSS-Au is relatively unperturbed when incorporated into self-assembled
monolayers on roughened gold, with, notably, a greater apparent stability of the neutral
merocyanine MetbMC isomer on the surface than in solution.

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potential (V) vs Ag/AgCl

120

80

40

0

40

At 20 °C, CH3CN, Au bead
1st cycle (20 V s 1)
2nd cycle (20 V s 1)

0.2 0.4 0.6 0.8 1.0
Potential (V) vs Ag/AgCl

8

6

4

2

0

2

4

At -20 °C, DCM, Au WE
0.1 V s 1

1.0 V s 1

10 V s 1

C
ur

re
nt

 / 
Sc

an
 ra

te
 (1

0
6  

A 
s 

V
1 )

Figure 5.11: Cyclic voltammograms of MetbSPSS-Au SAMs at various scan rates (left) on a
smooth gold bead in CH3CN (0.1 M TBAPF6) at 20 °C (1st and 2nd cycle) and (right) on a teflon-
shrouded smooth gold working electrode in DCM (0.1 M TBAPF6) at -20 °C (2nd cycles).
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5.3. Conclusions

We have shown that the previously reported CltbSP is not the only electrochemically
switchable spiropyran and that this motif of two tertbutyl-groups is a reliable strategy
to obtain redox switching of a spiropyran. Furthermore, we have performed initial inves-
tigations into the electrochemically-driven switching of MetbSPSS-Au self-assembled
on gold, and have shown that it indeed undergoes the oxidation-reduction switching
cycle in this immobilised state as well.

The redox switching of ditertbutyl-spiropyrans on roughened gold surfaces will be
further investigated by SERS spectroscopy. The Raman spectral data reported in this
chapter of the various relevant isomers and oxidation states of MetbSPSS and CltbSP,
will aid in the elucidation of the redox and chemical reactions occurring during an
electrochemically-driven oxidation-reduction cycle of MetbSPSS-Au.
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Experimental Details
Synthesis
1,2-dithiolane-substituted methyl-ditertbutylspiropyran MetbSPSS was synthesised
according to previously reported procedures for CltbSP,5 and MeNSPSS7 (see Chap-
ters 3 and 4).

ON
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+ OH
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MetbSPSS

DCM, 0 °C to rt
N2, 22 h
43%

N
C

N

DCC
N

NDMAP

thioctic acid

MetbSP-EtOH

Synthesis of MetbSPSS from hydroxyethyl-substituted methyl-ditertbutylspiropyran (MetbSP-
EtOH) and thioctic acid.

5-(1,2-dithiolan-3-yl)pentanoic acid (thioctic acid, 0.1569 g, 0.727 mmol, 1 equiv.),
2-(6,8-di-tert-butyl-3’,3’,5’-trimethylspiro[chromene-2,2’-indolin]-1’-yl)ethan-1-ol
(MetbSP-EtOH, 0.3153 g, 0.727 mmol, 1 equiv.) and 4-dimethylaminopyridine (DMAP,
15 mg, 0.123 mmol, 0.17 equiv.) were dissolved in anhydrous dichloromethane (75
mL) under inert atmosphere (N2). The mixture was cooled to 0 °C and
N,N’-dicyclohexylcarbodiimide (DCC, 0.1516 g, 0.727 mmol, 1 equiv.), dissolved in
anhydrous dichloromethane (50 mL), was added over 1 h using a dropping
funnel. The mixture was stirred at room temperature (20 °C) for 22 h, after
which it was stored at -25 °C for 3 days. The precipitated side-product
N,N’-dicyclohexylurea (DCU) was filtered off using a P4 glass filter. The
product was concentrated in vacuo and purified by column chromatography
(dichloromethane/pentane 4:1), yielding a yellow sticky oil (194 mg) 43 % of
2-(6,8-di-tert-butyl-3’,3’,5’-trimethylspiro[chromene-2,2’-indolin]-1’-yl)ethyl 5-(1,2-
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dithiolan-3-yl)pentanoate (MetbSPSS). The product was characterised by 1H and 13C
NMR.
1H NMR (400 MHz, acetonitrile-d3): δ 7.21 (d, J = 2.5 Hz, 1H), 7.05 (d, J = 2.4 Hz, 1H),
7.00 - 6.90 (m, 3H), 6.51 (d, J = 7.8 Hz, 1H), 5.82 (d, J = 10.2 Hz, 1H), 4.20 - 4.08 (m,
2H), 3.55 (dq, J = 14.6, 6.1 Hz, 1H), 3.31 - 3.06 (m, 4H), 2.47 - 2.37 (m, 1H), 2.28 (s,
3H), 1.75 - 1.33 (m, 7H), 1.29 (m, 12H), 1.15 (s, 3H), 1.10 (s, 9H).
13C NMR (101 MHz, acetonitrile-d3): δ 175.7, 152.6, 148.0, 144.6, 139.5, 137.5, 133.2,
130.8, 130.1, 127.2, 125.0, 121.1, 120.1, 108.7, 107.3, 65.3, 59.0, 53.7, 45.6, 42.7, 40.9,
36.3, 33.5, 31.9, 31.1, 28.7, 27.1, 22.8, 21.6.

1.01.52.02.53.03.54.04.55.05.56.06.57.0
Chemical shift (ppm)

1H NMR

1H NMR spectrum of MetbSPSS in CD3CN.

0102030405060708090100110120130140150160170180
Chemical shift (ppm)

13C NMR

13C NMR spectrum of MetbSPSS in CD3CN.
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Physical Methods

Reagents and solvents were obtained from Sigma-Aldrich or Tokyo Chemical Industry
(TCI) Europe and used as received unless stated otherwise. NMR spectra were obtained
on a Bruker 400 spectrometer. Chemical shifts δ are reported in parts per million (ppm)
with respect to tetramethylsilane and referenced to the residual solvent (CHD2CN),
and coupling constants are reported in hertz. Multiplicities are denoted as s = singlet,
d = doublet, and m = multiplet.

UV-Vis absorption spectra at room temperature were recorded on an Analytik Jena
Specord 600 spectrometer or an Agilent Technologies Cary 8454 spectrometer, and
spectra at lower temperatures were recorded in a QuantumNorthwest temperature-
controlled cuvette holder or in a Unisoku CoolSpek USP-203-B cryostat. Irradiation at
300, 365 and 455 nm was provided by Thorlabs LEDs M300L4 (26 mW) mounted with
a lens tube, M365LP1-C5 (435 mW), and M455L3-C5 (400 mW), respectively.

Electrode potential was controlled with either a CHI760c or CHI604E potentiostat.
Cyclic voltammetry in solution was performed with a platinum wire counter electrode
(CE) and a Hg/HgSO4 (CHI151) or Ag/AgCl wire reference electrode (RE). For cyclic
voltammetry on non-roughened gold, a teflon-shrouded gold working electrode (Au WE,
CHI101) was electrochemically cleaned by 20 cyclic voltammetric cycles in 0.5 M H2SO4
between -0.6 V and 1.2 V vs Hg/HgSO4, and gold beads were prepared by melting gold
wire in a butane flame. Self-assembled monolayers (SAMs) formed upon immersion
of the Au WE or gold bead in acetonitrile or dichloromethane containing MetbSPSS
(1-2 mM). Cyclic voltammetry of 2-Au on non-roughened gold was performed in
dichloromethane or acetonitrile (0.1 M TBAPF6) with a Pt wire CE and Hg/HgSO4 or
Ag/AgCl wire RE. The potential of Hg/HgSO4 vs SCE (saturated calomel electrode,
CHI150) was measured at 0.4 V in CH3CN (0.1 M TBAPF6), and the potential of
Ag/AgCl was defined as 0.04 V vs SCE.

Raman spectra at 785 nm of samples in H2O with Au colloid were recorded using
an integrated laser probe (500 mW, Cobolt Lasers) fiber-coupled to an Andor Shamrock
SR-163 spectrograph and Andor iVac DR-324B-FI-560 camera and 200 line/mm grating
with 730 nm blaze. The gold colloid suspension in water was prepared according to the
citrate method.9

Solid-state Raman spectra at 785 nm were recorded using an Olympus BX51 mi-
croscope equipped with a fibre-coupled laser (BT785, ONDAX) and a fibre-coupled
Shamrock163i spectrograph and iVac-DLL CCD camera and 235 line/mm grating with
750 nm blaze. The power at the sample was varied from 1 to 300 mW and was typically
2-5 mW.

Raman spectroscopy at 1064 nm (500 mW, Cobolt Rumba) was performed using
a home-built setup in a 180° backscattering arrangement with the Raman scattering
collected by a 10x microscope objective (for solid samples, Olympus LMPlan N) or a
plano-convex lens (for solutions, 2.5 cm diameter, f = 3.5 cm ). The collimated light
was then passed through the appropriate long-pass edge filter (Semrock) after which it
was focused by a second plano-convex lens (2.5 cm diameter, f = 40 mm) into an Andor
Kymera spectrograph with a 600 line/mm grating blazed at 830 nm. Acquisition was
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performed with an Andor iDus InGaAs camera.
Raman spectra in solution at 405 nm (40 mW at source, ONDAX LM-405-PLR-40-

1) excitation wavelength were recorded in a 180° backscattering arrangement with
the Raman scattering collected by a plano-convex lens (2.5 cm diameter, f = 7.5 cm).
The collimated light was then passed through the appropriate long-pass edge filter
(Semrock) after which it was focused by a second plano-convex lens (2.5 cm diameter, f
= 15 cm) into an Andor Shamrock 500i-D7 spectrograph with a 2400 line/mm grating
blazed at 300 nm. Acquisition was performed with an Andor iDus DV420A-BU2 CCD
camera.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra in solid
state were recorded using a JASCO 4700 FTIR spectrometer with an ATR attachment.

Stopped flow UV-Vis absorption spectroscopy experiments were performed with an
Applied Photophysics RX2000 Rapid Kinetics Spectrometer Accessory mixing unit and
a fibre-coupled cuvette holder. The light was collected with an Avantes AvaSpec spec-
trometer, and the trigger pulses were generated by a Tektonix DPO4032 oscilloscope
and the time stamps logged by a Moku GO data logger.

Nanosecond transient absorption (TA) spectroscopy was performed using a laser
system consisting of an EKSPLA Nd:YAG laser with integrated optical parametric
oscillator, which allows for selection of laser wavelengths from 300 to 1064 nm. A Xe
flashlamp is used as probe light source. The beam is collimated and passed through a
50:50 beamsplitter. One beam is passed through the sample and overlaps with the laser
pulse to the spectrograph. The other beam is passed directly into the spectrograph
onto the detector (Princeton Instruments PI-MAX iCCD), with the image positioned
below that of the first beam. This allows for simultaneous referencing, so that intensity
fluctuations in the probe pulse can be corrected for. The change in absorbance signal,
ΔA is calculated according to the following equation:

∆OD = − log(
IprobeIref +pump

Iprobe+pumpIref
)
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Appendix
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Figure S5.1: (left) full-width ATR-FTIR spectra of MetbSPSS and CltbSP, and (right) full-width
solid-state Raman spectrum of MetbSPSS (λexc 785 nm). The Raman spectrum of CltbSP shown
in Figure 5.1 is already the full recorded spectral width. The IR and Raman spectra were baseline-
corrected and off-set for clarity.
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Figure S5.2: UV-Vis absorption spectra of MetbSPSS (60 µM) in CH3CN at -30 °C (black) during
irradiation at 300 nm at maximum absorbance of the merocyanine isomer (purple, solid) and
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photo-degradation and a residual broad absorption band at 430 nm.
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Chapter 6. Lewis vs Brønsted Acid Activation of a Mn(IV) Catalyst

Abstract

Lewis acid (LA) activation by coordination to metal-oxido species has emerged as a
new strategy in catalytic oxidations. Despite the many reports of enhancement of
performance in oxidation catalysis, direct evidence for LA-catalyst interactions un-
der catalytically relevant conditions is lacking. Here we show, using the oxidation of
alkenes with H2O2 and the catalyst [Mn2(µ-O)3(tmtacn)2](PF6)2 (1), that Lewis acids
commonly used to enhance catalytic activity, e.g. Sc(OTf)3, in fact undergo hydrolysis
with adventitious water to release a strong Brønsted acid. The formation of Brønsted
acids in situ is demonstrated using a combination of resonance Raman, UV-Vis ab-
sorption spectroscopy, cyclic voltammetry, isotope labelling and DFT calculations. The
involvement of Brønsted acids in LA-enhanced systems shown here holds implica-
tions for the conclusions reached in regard to the relevance of direct LA-metal oxido
interactions under catalytic conditions.

6.1. Introduction

The interaction of Lewis acids (LAs) with transition metal complexes and clusters can
profoundly change their reactivity, which is most clearly manifested in the critical
role of calcium ions in the oxygen evolving complex of photosystem (PS) II.1,2 Recent
reports have highlighted correlations between Lewis acidity and properties of transition
metal complexes, such as redox potential,3–5 and by extrapolation the enhancements
in activity that they bring in oxidation catalysis, e.g., using iron6–15 and manganese
complexes.16–29 However, the causal nature of the effects of LAs and indeed the actual
interactions between them and transition metal complexes under catalytic conditions
are unclear. In particular their binding to reactive species, although postulated, has not
been confirmed in solution.

For example, the groups of Watkinson30 and of Yin31 have described the excep-
tional impact of Lewis acids on the oxidation of alkenes with H2O2 catalysed by
the complex [Mn2(µ-O)3(tmtacn)2](PF6)2 (1, where tmtacn is N,N’,N”-trimethyl-1,4,7-
triazacyclononane, Scheme 6.1). The catalytic activity of 1 is dependent on the presence
of Lewis acidic metal triflates such as Sc(OTf)3; alkene oxidation is not observed under
the same conditions without a Lewis acid. This dependence was ascribed to binding
of the Lewis acid to either 1, or the reactive intermediate responsible for substrate
oxidation. Direct interaction between, e.g., Sc3+, and 1, was inferred from spectroscopic
data and by analogy with known metal-O-LA structures obtained in the solid state.32–34

Definitive evidence for such binding in solution is not available, however, especially
under reaction conditions with, e.g., H2O2, where water is added with the oxidant in
excess.

In the present contribution we show, through a combination of spectroscopy and
DFT calculations, that the changes that follow addition of Lewis acids to 1 are not due
to LA binding to an oxido unit of 1, as proposed for related FeIV –– O complexes.32–34

Instead, the effects observed are due to the release of a strong Brønsted acid upon
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6.2. Results & Discussion

hydrolysis of the metal triflates by adventitious water either present in the solvent or as
water of crystallisation in 1. The released Brønsted acid facilitates reduction of 1 by
H2O2, and subsequent ligand exchange and redox reactions35 provide for the observed
increase in catalytic performance.
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Scheme 6.1: Oxidation of alkenes with H2O2 catalysed by [Mn2(µ-O)3(tmtacn)2]2+ (1) and
proposed roles of Lewis acids.

6.2. Results & Discussion

As reported by the groups of Watkinson,30 and of Yin,31 we find here that the addition
of metal triflates to 1 prior to addition of H2O2 results in conversion of styrene to
styrene oxide, albeit still with substantial loss of hydrogen peroxide through dispro-
portionation (2H2O2 −−−→ 2H2O + O2, Scheme 6.2 and Figures S6.1 and S6.2). The
turnover numbers (TONs) achieved here in the presence of LAs, ca. 250, are consistent
with the earlier reports (ca. 100).30,31 In-line monitoring of the oxidation of styrene
reveals that, in the presence of Lewis acids, the reaction proceeds through two distinct
phases (Scheme 6.2 and Figure S6.2). Addition of H2O2 is followed by an induction
period, after which both alkene oxidation and disproportionation of the H2O2 begin
concomitantly. The duration of the induction period, and the ratio of styrene conversion
to H2O2 disproportionation, depends on the time, here referred to as standing time,
between addition of the Lewis acid to 1 in anhydrous acetonitrile and the subsequent
addition of styrene and H2O2 (Scheme 6.2).

Disproportionation of H2O2 is observed regardless of the standing time, whereas
conversion of styrene is observed only when the standing time exceeds several minutes.
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During the reaction, a white precipitate forms that is a mixture of insoluble manganese
and scandium salts (by ICP, see Experimental Details) of, most likely, acetate formed
by hydrolysis of acetonitrile.36,37 Although addition of a second equivalent of H2O2
results in continued oxidation of styrene (Figure S6.3, the isolated precipitate is not
catalytically active.

Scheme 6.2: Key stages in the oxidation of styrene (blue) catalysed by 1 (1 mM) with Sc(OTf)3 (2
mM) using H2O2 (magenta) as oxidant. Different standing times were used: 20 s (empty circles);
60 min (filled circles).

Other Lewis acids31 have similar effects to that of Sc(OTf)3, in terms of induction
period and rate of oxidation. With Al(OTf)3, consistently higher conversion of styrene
was obtained, whereas with Y(OTf)3, the decomposition of H2O2 was slow, and con-
version of styrene was negligible (Figure S6.2). Notably, however, the use of yttrium
trifluoroacetate, i.e. Y(CF3CO2)3, results in both rapid decomposition of H2O2 and
significant conversion of styrene. The relative performance of the Lewis acids corre-
lates with their relative rates of hydrolysis,38 however, the counter-ion plays a role in
the outcome of the reaction also. These data prompted us to examine the interaction
between the LAs, and especially Sc(OTf)3, and 1.

6.2.1. Effect of Lewis Acids on the Electronic and Vibrational Spec-
troscopy of 1

The UV-Vis absorption spectrum of 1 in acetonitrile shows a broad visible absorption at
490 nm and several more intense bands below 400 nm.39,40 Addition of 2 eq. Sc(OTf)3
results in an increase in absorbance over the range 400 nm to 650 nm and the appearance
of weak bands at ca. 750 nm and 850 nm (Figure 6.1). The relative rate of change in
absorbance is constant across the entire spectrum indicative of a single step process.
Notably, the changes are not immediate but take >30 s. The Raman spectrum at λexc 355
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nm undergoes concomitant changes with the resonantly enhanced Mn-O-Mn symmetric
stretching band40,41 at 699 cm−1 decreasing in intensity and a band at 687 cm−1

appearing together with an increase in intensity of the band at 799 cm−1 (Figure 6.1).
DFT calculations and 18O labelling indicate that the band at 699 cm−1 is a vibrational
mode of the Mn – (µ-O)3 – Mn core, while the band at 799 cm−1 involves mostly the Mn-
N bonds, with little displacement of the Mn – (µ-O)3 – Mn core (Figure S6.4). Similar
changes are observed at λexc 457 nm (Figure S6.5). Weaker bands appear also that
correspond to modes of the tmtacn ligand observed under non-resonant conditions
(λexc 785 nm, Figure S6.6). Addition of Al(OTf)3 resulted in identical changes to the
UV-Vis absorption and resonance Raman spectra of 1, whereas addition of Y(OTf)3,
and Y(CF3CO2)3, did not (Figure S6.7).

Figure 6.1: (a) UV-Vis absorption spectroscopy of 1 in CH3CN before (black), after addition of
Sc(OTf)3 (2 eq.; green) or TfOH (6 eq.; blue), and after subsequent addition of excess H2O (292
eq.; magenta), inset: absorbance at 500 nm over time after addition of Sc(OTf)3 (2 eq.; green) or
TfOH (6 eq.; blue). (b) Raman spectra (λexc 355 nm) of 1 in CH3CN before (black), after addition
of Sc(OTf)3 (2 eq.; green) or TfOH (6 eq.; blue), and after subsequent addition of excess H2O
(6200 eq.; magenta). See Figures S6.4 and S6.6 for measured and calculated shifts.
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The changes in the UV-Vis absorption spectrum are similar to those reported by Lv et
al.,31 who proposed the formation of a mononuclear manganese(IV) complex analogous
to that reported earlier by Chin Quee-Smith et al. (i.e. [MnIV(tmtacn)(OMe)3](PF6)).42

However, the final UV-Vis absorption spectrum is identical to that reported earlier
by Hage et al. for 1 in concentrated H2SO4.40 Addition of excess water after addition
of Sc(OTf)3 resulted in an immediate recovery of the initial UV-Vis absorption and
resonance Raman spectra of 1 (Figure 6.1), and indeed even 0.2 vol% of water is
sufficient for full recovery (Figure S6.8). Furthermore, using H2

18O did not result in
incorporation of 18O into 1 (by Raman spectroscopy, Figures S6.4 and S6.8).40,43 Hence,
the changes upon addition of Sc(OTf)3 are unlikely to be due to "opening" of the Mn-O-
Mn bridges.35 Furthermore, DFT calculations indicate that, although the formation of a
ScIII – O – (MnIV)2 bond is thermodynamically feasible, the calculated frequencies of the
relevant vibrational mode (symmetric) do not match the shifts observed experimentally
by Raman spectroscopy (Figure S6.9). In contrast, the shifts calculated for 1 and H1+

match well (Figure S6.4). These data indicate that, in solution, Lewis acidic metal
ions (e.g., Sc3+) do not bind to a bridging oxygen of 1, but instead 1 is protonated by
Brønsted acids, vide infra.

6.2.2. Effect of Lewis Acids on the Cyclic Voltammetry of 1

A key role of Brønsted acids in activating 1 in catalytic oxidations is to shift its reduction
potential to more positive potentials. This shift facilitates reduction of 1 by H2O2 from
a MnIV

2 state to dinuclear MnII and MnIII species.41 These latter species are catalytically
active as established earlier where 1 was used in the presence of carboxylic acids.35

DFT calculations indicate that binding of Sc3+ to the Mn – (µ-O)3 – Mn core is ther-
modynamically favorable and changes the Mn-O bond lengths substantially (see Ap-
pendix). The Sc-O bond is predicted to have a significant covalent bond character, close
to that of the O-H bond in H1+. Hence, notwithstanding the discussion above, binding
of Sc(OTf)3 could shift the reduction potential of 1 in a similar manner to that induced
by protonation, and thereby facilitate reduction by H2O2. Indeed, cyclic voltammetry
shows that the reduction of 1 at -0.6 V vs SCE40 moves to ca. 0.4 V upon addition of
Sc(OTf)3 (Figure 6.2). The increase in current indicates a multi-electron process, and
new oxidation waves at ca. 1.0 V on the return cycles are consistent with the formation
of new species as shown earlier by de Boer et al.35

Notably, these changes are almost identical to those observed upon the addition
of TfOH to 1 (Figure 6.2). As with Lewis acids, the addition of water results in only
a minor shift of the redox waves back towards negative potentials and essentially the
same general shape of the redox wave is observed (Figure S6.10), despite that H1+

reverts to 1. It should be noted that even weak acids that are not able to fully protonate
1 can provide sufficient acidity to enable reduction due to the fast equilibriums involved
(Figure S6.11).35 After standing for several minutes, additional redox waves at 0.6 V
are observed both with TfOH and Sc(OTf)3 (Figures S6.12 and S6.13).35,40 The new
redox waves at 0.65 and 1.05 V that appear over time in the presence of Sc(OTf)3 and
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of TfOH correspond to those of [MnIII
2 (µ-O)(µ-OAc)2(tmtacn)2]+

2 in the presence of acid
(Figure S6.14).35

Figure 6.2: Comparison of the cyclic voltammetry of 1 (black) with that obtained after the
addition of either Sc(OTf)3 (3 eq.; green) or TfOH (9 eq.; blue) in 0.1 M TBAPF6 in CH3CN.
Current axis offset for clarity. Initial potential and scan direction indicated by * and black arrows,
respectively.

6.2.3. Comparison of the Lewis and Brønsted Acids on the Spectrosco-
py of 1 and its catalytic activity

As for the cyclic voltammetry, Sc(OTf)3 and TfOH have essentially identical effects on
the UV-Vis absorption and resonance Raman spectra of 1 (Figure 6.1). Indeed these
same spectroscopic changes are observed upon addition of conc. H2SO4 (or D2SO4,
Figure S6.15) to 1 in acetonitrile, and the changes are consistent with formation of the
monoprotonated complex H1+.40,44 Notably the changes induced by Brønsted acids are
instantaneous, in contrast to the gradual changes (> 30 s) observed upon addition of
Sc(OTf)3. This difference is consistent with release of Brønsted acids by hydrolysis of
Sc(OTf)3

38,45 prior to protonation of 1. It should be noted that 1 supplies one equivalent
of water as water of crystallisation, in addition to residual water already present in
acetonitrile.

Having confirmed the spectroscopic similarities between the addition of TfOH and
Sc(OTf)3 to 1, the Brønsted acid assisted oxidation18,28,46 of styrene was examined.
Essentially identical catalytic behaviour was observed when using TfOH or Sc(OTf)3,
including a lag period followed by rapid onset of H2O2 decomposition and oxida-
tion of styrene (Figure 6.3). Similar trends were observed with trifluoroacetic acid
(Figure S6.16), reinforcing that triflic acid is not unique and other Brønsted acids are
capable of activating 1 in the same way, i.e. by protonation assisted reduction from the
MnIV

2 state.47
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Figure 6.3: Comparison of kinetics of styrene conversion (blue) and H2O2 consumption (ma-
genta) by 1 activated by either TfOH (6 eq.; filled circle) or Sc(OTf)3 (2 eq.; empty circle) for a 1 h
standing time. In the absence of any acid, only disproportionation of H2O2 to O2 is observed
(Figure S6.1).

The release of Brønsted acids from metal triflates in ostensibly anhydrous solvents
has been noted in the literature under various conditions. For example in chlorinated
solvents, Hintermann et al. reported that reaction of AgOTf with a chlorinated substrate,
and subsequently with solvent, releases TfOH,48 and, recently, Schlegel et al. reported
the release of catalytically active triflic acid in the metal triflate catalysed glycosylation
reactions.49 Gunnoe et al. have proposed the in situ generation of triflic acid from
Al(OTf)3 in the hydroamination of non-activated alkenylamines in solvents such as
DMSO and nitrobenzene.50

In situ formation of TfOH, specifically in acetonitrile, has been proposed by Dume-
unier and Markó in the acylation of alcohols catalysed by metal triflates, which serve
as reservoirs of the Brønsted acid.51 Spencer et al. have identified Brønsted acids as
the active catalysts in hetero-Michael additions to α, β-unsaturated ketones in the
presence of various metal salts,52 and related the catalytic ability of a metal salt to
the extent of hydrolysis – conversion was not observed with metal salts that do not
undergo hydrolysis. Additionally, water (more than 2 eq. vs metal catalyst) retards the
reaction due to its Brønsted basicity. The water, in that case, most likely originates from
side reactions such as imine condensation and acetal/thioacetal formation, which are
unavoidable under the non-basic conditions used for the hetero-Michael addition.

In the present report, 1 eq. of water is present by default due to the fact that 1 is a
monohydrate. But, as discussed by Spencer et al., even if this is not the case, water can
form due to background reactions. Indeed, even when anhydrous, the water content
is at a minimum 0.001-0.005 vol%, which corresponds to approximately 0.5-3 mM of
H2O. This is in the same concentration range as the manganese complex (1 mM) and
metal triflates (2 mM). Furthermore, in addition to water added with the oxidant H2O2,
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even when in 90 wt% conc., the disproportionation of H2O2 generates H2O and O2,
and during epoxidation 1 eq. of H2O is released also.

The pKa of 1 is lower than most strong acids, and hence the levelling effect of
water means that, when present in excess of the TfOH formed, the strongest acid
present is the hydronium ion, which is unable to protonate 1 to an extent detectable
by spectroscopic methods. Neither yttrium(III) salts nor CF3CO2H induce changes
in the UV-Vis absorption and Raman spectra of 1, although they provide sufficient
Brønsted acidity to facilitate reduction of 1 by H2O2, as observed with carboxylic acids
earlier.35,41 Indeed, there is no reason that the pKa of Sc(H2O)x species formed by
hydrolysis should be lower than that of TfOH, and hence the species responsible for
protonation of 1 cannot be defined. It is of note, however, that cyclic voltammetry with
TfOH is nearly identical to that with Sc(OTf)3. Hence, although we have characterised
Brønsted acidity in the present study as being due to formation of TfOH in situ, in
reality the nature of the species that protonates 1 to form H1+ is ill-defined. Ultimately,
the actual Brønsted acid responsible is of little concern in this case, but rather that the
effects observed are due to Brønsted rather than Lewis acidity. A point that is certain is
that once water is added in molar excess, e.g. with H2O2, or formed by side reactions,
the hydronium ion is the Brønsted acid involved. Notably the hydronium ion is a much
weaker acid than H1+, and its addition, as shown above, results in a recovery of the
original spectral features of 1. Nevertheless the equilibrium position is sufficient (see
cyclic voltammetry) to provide enough H1+ in solution for H2O2 to be able to initiate
reduction. The initial reduction triggers an auto-catalytic transformation of 1 into
species in lower oxidation states as shown earlier.35,41

6.3. Conclusions

In summary, we have shown here that Lewis acidic metal triflates undergo rapid
hydrolysis to generate strong Brønsted acids in acetonitrile under the conditions used
for catalytic oxidations with H2O2. Indeed, even in anhydrous acetonitrile, residual
water (ca. 0.5 to 3 mM H2O) and water of crystallisation (1 molecule per 1), can
be sufficient for hydrolysis of the Lewis acid (Sc(OTf)3). In the case of oxidation of
alkenes with H2O2 and 1, the hydrolysis occurs well before the onset of substrate
conversion. Hence, the postulated binding of Lewis acids to 1, or a putative reactive
species, does not occur and the changes in spectral properties and enhancements in
catalytic activity observed are due to Brønsted acids formed in situ. Indeed, Brønsted
acids, i.e. carboxylic acids, were shown earlier to suppress disproportionation,41 and
allow for H2O2 to be used with complete efficiency in the oxidation of alkenes catalysed
by 1 with, e.g., CCl3CO2H, with turn-over numbers (TONs) exceeding 3,000.35,47

Although Sc3+-bound species have been observed crystallographically,32–34 the
reactivity changes induced by such Lewis acids in solution are highly likely to be
due to release of Brønsted acids. The role of Lewis acids as source of Brønsted acids
shown here, impacts more broadly, for example in the study of Lewis acid activation of
iron and other metal catalysts. Beyond this, however, in recognising the possibility to
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introduce strong Brønsted acids into reactions via Sc(OTf)3, the use of often difficult to
handle strong acids directly can be circumvented.
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Experimental Details

Experimental Details

General Information

All reagents were of commercial grade (Sigma-Aldrich, TCI) and were used as received
unless stated otherwise. H2O2: Sigma-Aldrich, 50 wt%. H2

18O: Rotem Industries
Ltd, 98%. Anhydrous CH3CN (Sigma-Aldrich): 99.8 %, <0.005% H2O (3 mM). 1.5
M Na18OH (in H2

18O) was prepared by adding a piece of Na metal (33 mg, 0.29
mmol) to 1.0 ml H2

18O. The mixture of 1 M H2O2 and 1.5 M Na18OH in H2
18O was

prepared by mixing a solution of 50 wt% H2O2 (13 µL) and H2
18O (250 µL) with the

previously prepared 1.5 M Na18OH (aq.) (200 µL). [Mn2(µ-O)3(tmtacn)2](PF6)2 ·H2O
(1) was generously supplied by Catexel Ltd and it was analysed by elemental analysis
(calc. for Mn2C18H44N6O4P2F12): C 26.82 % (26.74 %), H 5.39 % (5.49 %), N 10.40 %
(10.40 %).

Synthesis of 18O–1

The synthesis of [Mn2(µ-18O)3(tmtacn)2](PF6)2 ·H2O (18O –1) was carried out by adap-
tion of the method described by Hage et al.53 A three-necked flask equipped with
small stirring egg was charged with tmtacn (37 mg, 0.22 mmol) and 1 ml of H18

2O. The
mixture was purged with N2 and held under a N2 atmosphere. MnSO4 ·H2O (38 mg,
0.22 mmol) was added to the reaction mixture after which the flask was cooled on an
ice bath for 15 min. A pre-mixed solution of 200 µL 1.5 M Na18OH and 263 µL 1 M
H2O2 in H2

18O was added slowly to the brown reaction mixture upon which it turned
black. The mixture was stirred on ice for 40 min during which it turned dark red, and
was stirred at room temperature for another 45 min. 1 M H2SO4 in H2

18O (150 µL)
was added to the reaction mixture to reach pH 2. The dark red reaction mixture was
subsequently filtered by gravity over paper into a 10 ml flask. KPF6 (45 mg, 0.24 mmol)
was added to the filtrate, upon which precipitate formed immediately. The flask was
kept in the fridge overnight to form micro-crystalline needles, after which the solution
was removed from the vial by Pasteur pipette and the solid was washed with diethyl
ether. The crystalline product was dried in the vial with gentle heating to remove resid-
ual water. The 18O-labelled product 18O –1 was characterised by Raman spectroscopy
(λexc 785 nm (Figure S6.6)) and UV-Vis absorption spectroscopy in CH3CN.

Physical Measurements

Inductively Coupled Plasma Atomic absorption (ICP-AAS) spectra were recorded on a
Perkin Elmer Optima 7000 DV ICP. Electrochemical measurements were carried out
on a model 760c Electrochemical Analyser (CH Instruments). Analyte concentrations
were typically 1.0 mM in anhydrous acetonitrile containing 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF6), and a Teflon-shrouded glassy carbon (GC) working
electrode (CH Instruments), a Pt wire auxiliary electrode and a Saturated Calomel
Electrode (SCE) reference electrode were employed unless stated otherwise. Cyclic
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voltammograms were obtained at scan rates between 0.1 V/s and 1.0 V/s.
UV-Vis absorption spectra were recorded on an Analytik Jena Specord S300 or S600

spectrophotometer using 1 cm pathlength quartz cuvettes. Raman spectra at λexc 785
nm were recorded using either a Perkin Elmer Raman Station 400F or RamanFlex or a
home-built Raman spectrometer comprising a Shamrock-300i spectrograph equipped
with an iVac-A-DR-316B-LDC-DD-RES CCD camera (Andor Technology) fibre-coupled
to an integrated Raman probe (100 mW at source, Innovative Photonic Solutions).
Raman spectra at λexc 355 nm (10 mW at source, Cobolt Lasers) were recorded in a 180°
back-scattering arrangement. Raman scattering was collected by a 2.5 cm diameter
plano-convex lens (f = 7.5 cm), and the collimated Raman scattering was passed through
an appropriate long-pass edge filter (Semrock) after which it was focused by a second
2.5 cm diameter plano-convex lens (f = 15 cm) into a Shamrock500i spectrograph
(Andor Technology) with a 2399 L/mm grating blazed at 300 nm, and it was acquired
with an iDus-420-BU2 CCD camera (Andor Technology). The spectral slit width was
set to 12 µm. Raman spectra at λexc 457 nm (50 mW at source, Cobolt Lasers) were
recorded in a 180° back-scattering arrangement. Raman scattering was collected by a
2.5 cm diameter plano-convex lens (f = 7.5 cm), and the collimated Raman scattering
was passed through an appropriate long-pass edge filter (Semrock) after which it was
focused by a second 2.5 cm diameter plano-convex lens (f = 7.5 cm) into a Shamrock300i
spectrograph (Andor Technology) with a 1200 L/mm grating blazed at 500 nm, and it
was acquired with an iDus-420-BU CCD camera (Andor Technology).

Procedure Employed for Catalysis Studies

The Lewis acid (30 µL of 100 mM solution in CH3CN, 3 µmol) or Brønsted acid (30 µL
of 300 mM solution in CH3CN, 9 µmol) was added to 1.21 mL of a 1.24 mM solution of
1 (1.5 µmol) in anhydrous CH3CN and this mixture was stirred for a certain standing
time, after which styrene (172 µL, 1500 µmol) was added. The final concentrations in
1.5 mL reaction mixture: 1 (1 mM), Lewis acid (2 mM) or Brønsted acid (6 mM), styrene
(1 M), H2O2 (1 M). Reaction progress was determined by Raman spectroscopy (λexc
785 nm) with the initial time (t = 0) defined as the point of addition of H2O2 (85 µL
of 50 wt% in H2O, 1500 µmol). The conversion of styrene and consumption of H2O2
were monitored for approximately 30 min. Epoxide formation was confirmed by 1H
NMR spectroscopy.
Caution: complete disproportionation of H2O2 to oxygen and water can occur, and
hence the reactions should not be carried out in sealed vessels.
Note. Comparison of reaction progress data obtained in the present study with that
in previous reports by Nodzewska and Watkinson showed the same reaction time (3-4
min).30 Lv et al.,31 however, applied general reaction conditions to each tested substrate
and therefore a reaction time of 2 h was reported for styrene. It is of note that in the
aforementioned studies 0.1 M styrene was used, in contrast to the present study with 1
M, and hence the effect of standing time would not have manifested itself in a difference
in conversion in those studies.

ICP analysis confirms that the white precipitate formed during catalysis contained
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10-16 % of Mn and 5-20 % of Sc in the form of insoluble salts. The insolubility
and %metal content is consistent with the anion being acetate. The FTIR spectrum
indicates that the counter-ion is an organic compound which is affected by deuteration
of the solvent (d3-acetonitrile), but does not contain a nitrile group (Figure S6.17).
This precipitate is formed in the absence of substrate also and even in the absence of
the manganese complex. Hence, although the organic component could be due to a
degradation product of the tmtacn ligand, more probably, hydrolysis of acetonitrile
is responsible since the spectrum is solvent-deuteration dependent. Comparison of
these spectra with those of commercially available, and relatively anhydrous, scandium
and manganese acetates is hampered by the effect of water (hydration state) on the
spectrum, but the spectrum of the precipitate is close to that of NaOAc (Figure S6.18).

Appendix
Supporting Figures

Figure S6.1: Consumption of H2O2 (magenta)
with no observable styrene (blue) conversion
by 1 (1 mM) in CH3CN.

Figure S6.2: Comparison of kinetics of styrene
conversion (blue) and H2O2 consumption (ma-
genta) by 1 (1 mM) activated by either Al(OTf)3
(2 eq.; filled), Y(OTf)3 (2 eq.; empty), or
Y(CF3CO2)3 (2 eq.; cross) for a 17 h standing
time.

6

183



Chapter 6. Lewis vs Brønsted Acid Activation of a Mn(IV) Catalyst

Figure S6.3: Comparison of H2O2 consumption (magenta) and styrene conversion (blue) catal-
ysed by 1 (1 mM) upon activation by (a) Sc(OTf)3 (2 mM) or (b) TfOH (6 mM) after the addition of
a second equivalent of H2O2 at t = 100 min or t = 14 min, respectively. Standing time was 1 h.

Figure S6.4: (a) Experimental Raman spectra (λexc 355 nm) of 1 before (black) and after addition
of Sc(OTf)3 (3 eq.; green) and of 18O-1 before (cyan) and after addition of Sc(OTf)3 (3 eq.; pink).

(b) Comparison of experimental and calculated Raman shifts of 1 and 18O-1 with and without
protonation.
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Figure S6.5: Raman spectra (λexc 457 nm) of 1 before (gray) and after (green) addition of
Sc(OTf)3 (2 eq.).

Figure S6.6: Comparison of solid state Raman spectra (λexc 785 nm) of 1 (black) and 18O-1
(cyan). In the table the δ[18O] are depicted for both the experimental and the calculated sym-
metric Mn-O-Mn vibrational modes, which are in good agreement. There is a minor contribution
from incompletely isotopically labelled 1 present in the sample manifested in the weak band at
687 cm−1.
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Figure S6.7: (a) UV-Vis absorption spectroscopy of 1 in CH3CN before (black) and after addition
of Sc(OTf)3 (2 eq.; green), Al(OTf)3 (2 eq.; yellow), Y(OTf)3 (2 eq.; cyan), or Y(CF3CO2)3 (2 eq.;
orange) with the inset showing the increase in absorbance of the band at 500 nm for the addition
of each Lewis acid triflate. (b) UV-Vis absorption spectroscopy of 1 in CH3CN before (black) and
after addition of TfOH (6 eq.; blue), CF3CO2H (6 eq.; pink), or H2SO4 (240 eq.; gold) with the inset
showing the increase in absorbance of the band at 500 nm for the addition of each Brønsted
acid. After the addition of H2SO4 a red solid precipitates, most likely the sulfate salt of 1, which
causes an increase in absorbance at 500 nm due to scattering after approximately 10 s. (c)
Raman spectra (λexc 355 nm) of 1 in CH3CN before (black) and after addition of Sc(OTf)3 (2 eq.;
green), Al(OTf)3 (2 eq.; yellow), Y(OTf)3 (2 eq.; cyan), or Y(CF3CO2)3 (2 eq.; orange). (d) Raman
spectra (λexc 355 nm) of 1 in CH3CN before (black) and after addition of TfOH (6 eq.; blue), or
CF3CO2H (6 eq.; pink). For a Raman spectrum of 1 after the addition of H2SO4 see Figure S6.15.
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a) b)

c)

Figure S6.8: (a) Raman spectra (λexc 355 nm) of 1 in CH3CN after addition of Sc(OTf)3 (2 eq.;
green) and after subsequent additions of 2 µl (magenta) and 4 µl (dark magenta) of water.
Total volume 1.5 ml. (b) UV-Vis absorption spectroscopy of 1 (black) in CH3CN after addition of
Sc(OTf)3 (2 eq.; green) and after subsequent additions of 2 µl (magenta, solid), 4 µl (magenta,
dotted), 6 µl (magenta, dashed), and 8 µl (dark magenta) of water. Total volume 1.5 ml. (c)
Raman spectra (λexc 355 nm) of 1 in CH3CN before (black) and after addition of Sc(OTf)3 (2 eq.;

green) and subsequently H2
18O (147 eq.; magenta).
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a) b)

c) d)

Figure S6.9: Calculated structures of (a) 1, (b) H1+, and (c) Sc(OTf)2 –1, with (d) the frequencies
in cm−1 of the corresponding symmetrical and asymmetrical Mn-O-Mn vibrational modes of
each structure.
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Figure S6.10: Cyclic voltammograms of 1 (black) in 0.1 M TBAPF6 in CH3CN after addition of
Sc(OTf)3 (3 eq.; green) and after subsequent addition of H2O (110 eq.; magenta). The arrow
indicates the initial potential and scanning direction.

Figure S6.11: Cyclic voltammograms of 1 without (black) and with (cyan) excess CH3CO2H in
0.1 M TBAPF6 in CH3CN.
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Figure S6.12: Cyclic voltammograms of 1 (black) after the addition of water and waiting for
approximately 30 minutes after the addition of either TfOH (9 eq.; blue) or Sc(OTf)3 (3 eq.; green).
In both cases a species forms with a redox potential of around 0.60 V vs SCE. The arrow indicates
the initial potential and scanning direction.

Figure S6.13: Expansion of cyclic voltammograms of 1 (from Figure S6.12) with TfOH (9 eq.;
blue) or Sc(OTf)3 (3 eq.; green) after the addition of water and waiting for approximately 30 min
after the addition (multiplied by a factor for comparison).
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Figure S6.14: Cyclic voltammograms of [MnIII
2 (µ-O)(µ-OAc)2(tmtacn)2]+2 (1 mM) without (black)

and with (cyan) excess CH3CO2H in 0.1 M TBAPF6 in CH3CN.

Figure S6.15: Raman spectra (λexc 355 nm) of 1 in CH3CN before (black) and after addition of
H2SO4 (480 eq.; gold, solid) or D2SO4 (480 eq.; gold, dashed).
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Figure S6.16: Comparison of kinetics of styrene conversion (blue) and H2O2 consumption
(magenta) by 1 (1 mM) activated by either TfOH (6 eq.; filled circle) or CF3CO2H (6 eq.; empty
circle) for a 10 min standing time.

Figure S6.17: FTIR spectra of the white precipitate formed during oxidation of styrene catalysed
by 1 with Sc(OTf)3 (2 eq.) in acetonitrile (black) or deuterated acetonitrile (cyan).

6

192



Appendix

Figure S6.18: FTIR spectra of the white precipitate formed during oxidation of styrene catalysed
by 1 with Sc(OTf)3 (2 eq.) in acetonitrile (black) compared to Na(OAc) (yellow), Mn(OAc)2 (green),
and Sc(OAc)3 ·xH2O (orange).

a) b)

Figure S6.19: No styrene conversion (blue) nor H2O2 consumption (magenta) by a solution of
(a) Sc(OTf)3 (2 mM) or (b) tmtacn (1 mM) with Sc(OTf)3 (2 mM) in CH3CN.
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a) b)

c)

Figure S6.20: Consumption of H2O2 (magenta) and conversion of styrene (blue) by 1 (1 mM)
activated by either (a) Sc(OTf)3 (2 mM) with a 35 s standing time, (b) Sc(OTf)3 (2 mM) with a 10
min standing time, or (c) Al(OTf)3 (2 mM) with a 10 min standing time.

a) b)

c) d)

Figure S6.21: Comparison of kinetics of styrene conversion (blue) and H2O2 consumption
(magenta) by 1 (1 mM) activated by either (a) Y(OTF)3 (2 mM) with a 10 min standing time, (b)
Y(CF3CO2)3 (2 mM) with a 10 min standing time, (c) NaOTf (6 mM) with a 10 min standing time,
or (d) NaOTf (6 mM) with a 17 h standing time.
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a) b)

c) d)

e) f)

Figure S6.22: Comparison of kinetics of styrene conversion (blue) and H2O2 consumption
(magenta) by 1 (1 mM) activated by either (a) TfOH (6 mM) with a 35 s standing time, (b)
CF3CO2H (6 mM) with a 17 h standing time, (c) H2SO4 (6 mM) with a 10 min standing time, (d)
H2SO4 (6 mM) with a 17 h standing time, (e) CH3CO2H (6 mM) with a 10 min standing time, or (f)
CH3CO2H (6 mM) with a 17 h standing time.
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Chapter 6. Lewis vs Brønsted Acid Activation of a Mn(IV) Catalyst

Computational Details

All Density Functional Theory (DFT) calculations were performed with the Amsterdam
Density Functional (ADF) program (ADF 20016.01).54,55 MOs were expanded in an
uncontracted set of Slater type orbitals (STOs) of triple-zeta quality containing diffuse
functions (TZ2P)56 and two sets of polarisation functions with all electrons treated
explicitly. An auxiliary set of s, p, d, f, and g STOs were used to fit the molecular density
and to represent the Coulomb and exchange potentials accurately for each SCF cycle.

Geometries were optimised until the maximum gradient component was less than
10−3 a.u. (default value is 10−3 a.u.). All calculations were performed using the
BP86 Density Functional Approximation (DFA), proven to be good for structural data
and thermodynamics.57–59 For all calculations, the Becke grid60,61 of good quality
was used. COSMO62–64 dielectric continuum model was used for implicit treatment
of the environment (with methanol as a solvent).65,66 Scalar relativistic corrections
have been included self-consistently by using the zeroth-order regular approximation
(ZORA).67–69 Since calculations showed that manganese dimer is antiferromagnetically
coupled SA= 3/2 and SB= 3/2 state, in order to obtain the geometry we have utilised
broken-symmetry70,71 (BS) calculations. Nature of stationary points were confirmed by
calculating analytical Hessians, and the obtained Hessians have been further utilised
for the isotopic shift calculations. In this approach, implemented in ADF program,54,55

the rotations and translations are not projected out of the Hessian prior to the normal
mode analysis and normal modes that belong to the original and the isotopically
shifted frequencies are identified based on their overlap. We analysed binding of
H+ and both neutral and positive Lewis acid (LA) fragment, i.e. Ca(OTf)2/Ca(OTf)+,
Zn(OTf)2/Zn(OTf)+ and Sc(OTf)3/Sc(OTf)+

2 in order to attempt to treat all microscopic
possibilities for catalytic activation.

The interaction of Sc3+ (and other Lewis acids, Ca2+, Zn2+) and H+ with
[Mn2(µ-O)3(TMTACN)2]

2+

Binding of H+ and both neutral and positive Lewis acid (LA) fragments, i.e.
Ca(OTf)2/Ca(OTf)+, Zn(OTf)2/Zn(OTf)+ and Sc(OTf)3/Sc(OTf)+

2 were examined to
treat all microscopic possibilities for catalytic activation. Table S6.1 shows that the
most pronounced effect on the structure can be observed with scandium LA fragments.
Table S6.2 indicates a substantial effect of the LAs on the redox properties of the
complex. Although LA coordination reduces both the HOMO and LUMO energies, the
effect on LUMO properties and energetics is most relevant. Binding of the Lewis acid
lowers the energy of the LUMO orbitals (Table S6.2) with H+ and Sc3+ showing the
most pronounced effect. Furthermore, although Mn-O dissociation is not observed,
there are significant distortions and bond elongations, most pronounced by the
Sc-based LAs. The interaction of the Lewis acid with 1 is, as expected, mostly ionic
(which is inferred by the contribution of LAs to the dimer MOs), however, the covalent
contribution is increasing in the following order: Ca2+ < Zn2+ < Sc3+ < H+, and it is
non-negligible except for Ca2+.

Additional computational results of frequency shifts produced by isotope labelling
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of 1 and H1+ are tabulated in the Supporting Information of our publication.

Table S6.1: Mn-Mn and Mn-O bond lengths in initial complex and after coordination of appropri-
ate LA.

Mn-Mn Mn-O Mn-O Mn-O-LA

Initial complex [Mn2(µ-O)3(TMTACN)2]2+ 2.22 1.79 1.79 1.79

Additive

H+ 2.28 1.78 1.78 1.94

Ca(OTf)2 2.32 1.82 1.82 1.91

Ca(OTf)+ 2.33 1.82 1.83 1.92

Zn(OTf)2 2.35 1.82 1.82 1.93

Zn(OTf)+ 2.38 1.82 1.82 1.95

Sc(OTf)3 2.39 1.82 1.82 2.02

Sc(OTf)+
2 2.40 1.82 1.82 2.02

Table S6.2: HOMO and LUMO energies and the contribution of the appropriate LA.

HOMO %LA LUMO %LA

Initial complex [Mn2(µ-O)3(TMTACN)2]2+ -5.625 - -4.796 -

Additive

H+ -6.948 - -6.411 -

Ca(OTf)2 -7.341 - -5.038 -

Ca(OTf)+ -7.530 - -5.222 -

Zn(OTf)2 -7.443 - -5.189 1.08

Zn(OTf)+ -7.761 - -5.555 2.36

Sc(OTf)3 -7.830 - -5.689 2.41

Sc(OTf)+
2 -8.063 - -6.027 7.03
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Samenvatting

Het volgen van chemische reacties en het identificeren van de moleculen die tijdens (als
tussenproduct) of op het eind (als eindproduct) van de reactie gevormd worden is altijd
één van de pijlers geweest van de moleculaire scheikunde. Dit niet alleen in oplossing
(of gasfase), maar ook in vaste toestand en op het snijvlak van verschillende toestanden.
Dit laatste onderzoeksgebied is onmisbaar voor het begrijpen van heterogene reacties,
ofwel reacties van stoffen in verschillende fasen (bijv. vast en gas), die de basis zijn van
een groot aantal industriële scheikundige processen. De cruciale (katalytische) reacties
spelen zich in deze processen vaak af op het oppervlak van vaste stoffen, zoals metalen,
mineralen en composietmaterialen.

Waar in het begin van de moleculaire scheikunde vooral reacties in oplossing werden
bestudeerd, is het sinds de tweede helft van de 20ste eeuw makkelijker geworden om
reacties te volgen van en tussen stoffen in andere fasen. Een bepaald type systeem
opgebouwd uit vaste stof en moleculen is vooral relevant voor het werk getoond in
dit proefschrift: moleculen die uit zichzelf enkellaagse groeperingen (Engels: self-
assembled monolayers, ofwel SAMs) vormen op een voor hen geschikt (eventueel vooraf
behandeld) oppervlak. Deze geassembleerde systemen zijn in de jaren ’80 uitgevonden
of, beter gezegd: ontdekt, omdat de moleculen spontaan deze groeperingen vormen
tijdens hun binding aan het oppervlak (adsorptie). Het onderzoeksgebied is sindsdien
geëxplodeerd. Wetenschappers van allerlei achtergronden hebben zich gestort op het
creëren en bestuderen van deze systemen, alsook het vinden en bedenken van functies
voor ze. Zo kunnen deze geadsorbeerde moleculen een beschermende laag vormen op
metalen die zich in omgevingen bevinden waar ze anders snel zouden roesten.

In dit proefschrift hebben we veel gebruik gemaakt van vibratiespectroscopie,
waarmee de vibraties van moleculen worden gemeten om zo hun samenstelling te
bepalen. Vooral van Ramanspectroscopie, dat is vernoemd naar het onderliggende
natuurkundig fenomeen Ramanverstrooiing. Eén van de redenen waarom we in dit
proefschrift veel van de bovengenoemde geadsorbeerde moleculen op oppervlakken
hebben bestudeerd, is de mogelijkheid gebruik te maken van een gespierde variant
van Ramanspectroscopie gebaseerd op de versterking van Ramanverstrooiing door het
oppervlak (Engels: surface-enhanced Raman scattering, ofwel SERS), eveneens ontdekt
in de tweede helft van de vorige eeuw. Met SERS is het mogelijk om zeer kleine
concentraties moleculen te bekijken, zolang ze maar dicht in de buurt van het oppervlak
zijn.

Met behulp van SERS-spectroscopie hebben we in Hoofdstuk 2 de fundamentele
eigenschappen van een enkele laag moleculen thiofenol op goud bestudeerd onder
verschillende omstandigheden, om zo de invloed van pH en elektrisch potentiaal
te onderzoeken. Wij merken daarin op dat het SERS-spectrum van geassembleerd
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thiofenol op goudelektroden op dezelfde manier veranderd door het toevoegen van zuur
alswel door het aanbrengen van een hoog genoeg voltage. Dit voltage zorgt namelijk
voor oxidatie van water (naar zuurstof en protonen). Aangezien een vibratiespectrum
rechtstreeks gerelateerd is aan molecuulstructuur, betekent dit dat, door het aanbrengen
van een bepaald elektrisch potentiaal, we dezelfde verandering in molecuulstructuur
teweegbrengen als de aanwezigheid van een overmaat aan protonen (een lage pH). Wat
deze verandering precies is, is moeilijk te bepalen, maar met behulp van berekeningen
(simulaties) van thiofenol op goud onder verschillende omstandigheden, hebben we
aanwijzingen gekregen dat het kan gaan om een verandering in de oriëntatie van het
molecuul ten opzichte van het goudoppervlak.

Afgezien van een uitstapje naar de anorganische scheikunde in het laatste hoofdstuk,
draait de rest van de hoofdstukken om een familie van organische moleculen die
scheikundigen al decennia lang fascineert: spiropyrans. Spiropyrans staan bekend als
veelzijdige moleculaire schakelaars, omdat deze chemische verbinding kan worden
geschakeld tussen de zogenoemde gesloten en open molecuulstructuren, ofwel de
spiropyran- en merocyanine-isomeren, respectievelijk, onder invloed van temperatuur,
licht, pH, ionen, en elektrisch potentiaal.

Net als in Hoofdstuk 2, laten we in Hoofdstuk 3 zien dat het uitvoeren van elek-
trochemie door middel van het aanbrengen van een elektrisch potentiaal niet altijd
onschuldig is en reacties kan aansporen die je niet verwacht en/of voor ogen hebt. In
dit hoofdstuk bestuderen we de oxidatiechemie van een spiropyran die zo is ontworpen
dat het een elektron kan afgeven (oxidatie) en weer opnemen (reductie) zonder dat er
tussendoor een chemische reactie plaatsvindt – tenminste, dat is het idee, en dat klopt
zolang de verbinding niet te dicht bij de elektrode blijft. Echter, voor moleculen die
in een geadsorbeerde laag zijn samengekomen (als SAM) op een goudoppervlak, is
deze oxidatie-reductie niet volledig omkeerbaar meer. Als het elektrisch potentiaal
van dit goudoppervlak, dat tevens dient als elektrode, zodanig hoog wordt gezet dat
er protonen vrijkomen door de oxidatie van water, zijn de moleculen blootgesteld
aan een significant lagere pH dan die verder van het oppervlak vandaan. Om met
name de vraag te beantwoorden welke geprotoneerde merocyanine-isomeren precies
gevormd worden door deze proton-opname van spiropyrans, hebben we onder andere
SERS-spectroscopiemetingen uitgevoerd gelijktijdig met elektrochemische metingen
zoals cyclische voltammetrie.

Dat elektrisch potentiaal ook de prikkel kan zijn voor het schakelen van spiropyrans,
is het middelpunt van Hoofdstukken 4 en 5. Wij laten hier voor het eerst zien dat een
spiropyran met de juiste zijgroepen (substituenten) herhaaldelijk kan worden geschakeld
tussen de gesloten en open structuur met behulp van afwisselende elektrochemische
impulsen. Het onttrekken van een elektron aan het gesloten isomeer zorgt ervoor
dat deze energetisch instabiel wordt, waardoor de binding tussen het koolstof- en
zuurstofatoom wordt verbroken en het open isomeer wordt gevormd (met nog steeds
een elektron minder: geoxideerd). Om de schakeling compleet te maken, veranderen we
het toegepaste voltage, waardoor het geoxideerde merocyanine-isomeer een elektron
kan opnemen (het wordt gereduceerd). Vervolgens kan de zojuist verbroken koolstof-
zuurstofbinding weer vormen, zodat we het originele spiropyran-isomeer terug hebben.
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Redox-schakelen van een ditertbutyl-gesubstitueerde spiropyran met de vier molecuulverbin-
dingen betrokken in de cyclus die zijn besproken in Hoofdstuk 4: spiropyran en merocyanine in
neutrale en geoxideerde toestand.

In Hoofdstuk 4 hebben we dit schakelen van een ditertbutyl-gesubstitueerde spi-
ropyran door middel van een oxidatie-reductiecyclus, redox-schakelen, uitgebreid be-
studeerd in oplossing. In Hoofdstuk 5 hebben we vervolgens aangetoond dat deze
manier van schakelen ook werkt voor spiropyrans (met hetzelfde substitutiepatroon)
die zijn gebonden aan een goudoppervlak. Zoals hierboven besproken, is het voor-
deel van dit soort eenlaagssystemen dat men de verandering in moleculaire structuur
tijdens de redox-schakeling in detail kan volgen met SERS-spectroscopie. Als voor-
bereiding op deze toekomstige metingen, hebben wij de verschillende isomeren en
oxidatietoestanden van de spiropyran uitvoerig bestudeerd met vibratiespectroscopie
en elektrochemie.

Ook al ligt de focus van dit proefschrift vooral op het bestuderen van eenlaagsgroe-
peringen van moleculen op goud en de reacties en andere veranderingen in molecuul-
structuur die deze ondergaan onder invloed van pH en elektrisch potentiaal, hebben
we in het laatste (maar chronologisch gezien eerste) hoofdstuk ten slotte nog een kleine
koerswijziging gemaakt naar het onderzoeksgebied anorganische katalyse. Gelukkig
komt ook in Hoofdstuk 6 de belangrijke (en onverwachte) rol van het proton terug,
wanneer we bestuderen wat er gebeurt met katalysatoren gemaakt van overgangsmeta-
len, zoals mangaan, na het toevoegen van Lewis-zuren. De rol die Lewis-zuren, zoals
scandium(III) triflaat, voorheen (en voorbarig) werd toegeschreven, namelijk activatie
van de katalysator door een binding aan te gaan, blijkt te worden vervuld door protonen.
De activatie van de katalysator kan inderdaad ook reproduceerbaar worden uitgevoerd
met toevoeging van een sterk Brønsted-zuur (protonen) in plaats van Lewis-zuur.
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Summary

Monitoring chemical reactions and identifying the compounds formed both during (as
intermediates) and at the end of a reaction (products) is one of the central pillars of
contemporary molecular chemistry. Gathering information on these aspects is not only
important for reactions in solution (or gas-phase), but also for reactions that take place
in the solid state, and at the interface between states (for example, gas-solid interfaces).
This last situation, reactions at interfaces, is especially significant in understanding
heterogeneous reactions that are at the basis of the large number of industrial chemical
processes. The key (catalytic) reactions in many of these large-scale processes occur at
the surface of solids, such as metals, minerals and composite materials.

Whereas reactions in solution were the major focus of molecular chemistry, in
the second half of the twentieth century it became more and more possible to follow
reactions occurring at the interface of phases. Systems consisting of a combination of
solid materials and molecular compounds are of interest in the studies described in
this thesis, especially so-called self-assembled monolayers (SAMs). These self-assembled
systems, in which the molecules form molecular aggregates as they assemble on a
suitable surface (usually aided by the formation of bonds between the molecules and
the surface, so-called adsorption), were developed (or rather: discovered) in earnest
in the 1980s, and the research field has expanded rapidly since. This field of study
is particularly special, since it draws scientists from a diverse range of backgrounds
together, in efforts to create and study such interfaces, as well as discover potential uses
for these new materials. An example of a real-world application of adsorbed compounds
on surfaces is the formation of protective monolayers on metals that prevent otherwise
rapid oxidation (rust/corrosion).

One of the reasons why molecules adsorbed on gold surfaces are a focus point of this
thesis is that these surfaces have specific properties which means they can be studied by
powerful spectroscopic techniques based on enhancement of the phenomenon Raman
scattering, so-called surface-enhanced Raman scattering (SERS), which was discovered by
accident in the middle of the last century already. This type of spectroscopy reports
vibrational information of molecules - that is, it provides information on the vibrations
of bonds between atoms, and the powerful feature of SERS, as an enhanced form
of Raman spectroscopy, is that it allows for the determination of the composition
(structure) of tiny amounts present on the surface, provided that the molecules are
close by (within roughly a nanometer).

In Chapter 2, the relation between pH and electrode potential is a central point.
We noticed that the SERS spectrum of a simple molecule – thiophenol – adsorbed on
a gold electrode changes when applying an electrical potential of that at which water
can be oxidised (to oxygen and protons), in the same way as it does by a change in pH.
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Since the vibrational spectrum is directly related to its molecular structure, it can be
concluded that both the application of a sufficiently positive electrode potential and the
addition of acid cause the same change in molecular structure of adsorbed thiophenol.
The precise origin of the structural change is unfortunately highly challenging to pin-
point exactly, but we obtained a strong indication from calculations (simulations) of
thiophenol-gold structures that it involves the orientation of the molecule with respect
to the gold surface. The non-innocence of electrochemistry, by applying an electrode
potential to a solution or material, is shown also in Chapter 3 to have the potential to
result in unexpected and/or undesired reactions.

The bulk of the work in this thesis focuses on a family of organic compounds
that have fascinated organic chemists for decades: the spiropyrans. Spiropyrans are
well-known as multi-responsive molecular switches because they can be switched be-
tween their so-called open and closed molecular structures, the spiropyran and the
merocyanine isomers, by heat, light, pH, ionic strength, and electrical potential.

In Chapter 3, we study the redox chemistry of a spiropyran designed to be reversibly
oxidisable (loose an electron) and reducible (gain an electron) without undergoing a
subsequent chemical reaction - at least, that was the intention, and this property was
indeed conserved as long as the molecules did not stay close to the electrode for long.
Instead, molecules self-assembled in a monolayer on a surface, that doubles as electrode,
are exposed to a significantly lower pH than farther from the electrode surface, when
the applied electrode potential is such that oxidation of water to oxygen and protons
is possible. This chapter details our study of the protonation of these spiropyrans
during electrochemical measurements (for example, cyclic voltammetry) with, amongst
a variety of other techniques, SERS spectroscopy, in our quest to find out which of the
protonated merocyanine isomers are actually formed.

The latter type of stimulus mentioned above for triggering molecular switching of
spiropyrans, electrical potential, is central to the work described in Chapters 4 and 5,
in which we show for the first time that a suitably decorated (substituted) spiropyran
can be repeatedly switched between its closed and open structure using electrochemical
stimulation.

The removal of an electron (oxidation) from the closed isomer results in a destabili-
sation of that molecular structure and the consequent spontaneous breaking of a bond
between an oxygen and a carbon atom in the molecule. This leads to the formation of
the open (merocyanine) isomer (still with one electron less than in its normal state),
which can then, in turn, pick up an electron (reduction) to acquire a neutral state. This
molecular structure is also unstable, therefore the previously broken carbon-oxygen
bond reforms and the original spiropyran structure is regained.

In Chapter 4, we have extensively described the redox switching, by means of an
oxidation-reduction cycle, of the ditertbutyl-substituted spiropyran in solution. In
Chapter 5, we show that this method of molecular switching also works for spiropyrans
(with the same substitution pattern) bound to a gold surface. As mentioned above,
the advantage of these self-assembled monolayers on an electrode is that the change
in molecular structure during a redox cycle can be followed by SERS spectroscopy.
In preparation of these future experiments, we have characterised the different iso-
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Redox switching of a ditertbutyl-substituted spiropyran with the four compounds depicted that
are involved in the cycle (from Chapter 4): spiropyran and merocyanine in neutral and oxidised
state.

mers and oxidation states of the spiropyran by both vibrational spectroscopy and
electrochemistry.

Although the study of fundamental properties of single layers of molecules on
gold under various conditions, mainly the influence of pH and electrode potential,
is the focus of this thesis, a side-step into the field of inorganic catalysis is made in
the last (but chronologically the first) chapter of this thesis. However, as with earlier
chapters, the role of protons comes back again in Chapter 6, when studying the effect of
Lewis acids on transition metal catalysis, more specifically using a manganese oxidation
catalyst. We demonstrate that the role of Lewis acids such as scandium(III) triflates,
earlier (and erroneously) ascribed as binding to the catalyst, boils down to the liberation
of Brønsted acids (protons) due to undergoing hydrolysis. And indeed, the activation of
the manganese catalyst could be reproduced using strong Brønsted acids as additives
in place of Lewis acids.
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