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Chapter 4 

Photo- and Electrochemical 
Properties of SAMs of 
Diarylethenes on Gold: 
Nanoparticles and Bulk Electrodes 

This chapter deals with photochemical and electrochemical studies of self-assembled 
monolayers (SAMs) of diarylethenes on surfaces of gold nanoparticles and bulk gold 
electrodes. The photochemical properties of three structurally distinct diarylethenes self-
assembled on the surface of gold nanoparticles are described first. These diarylethenes 
with their switching unit linked to the surface via a conjugated aromatic spacer show 
linker-dependent switching behavior. For the switch with the phenyl linker both 
photochemical ring opening and closure is observed while for the thienyl linker ring 
closure does not take place. Subsequently, the photochemical and electrochemical 
properties of SAMs of the three diarylethenes on bulk gold electrodes are reported. The 
photochemical and electrochemical switching between the open and closed forms was 
examined and found to be sensitive to the molecular structure of the switch. For the three 
diarylethenes, the electrochemical behavior with respect to electrochemical ring 
opening/closure is retained in the SAMs. In contrast, their photochemical properties 
resemble those of the SAMs on gold nanoparticles. The stability of the monolayers towards 
desorption following photochemical and electrochemical switching was examined through 
electrochemistry and X-ray photoelectron spectroscopy.* 

                                                      
* Part of this chapter has been published: T. Kudernac, S. J. van der Molen, B. J. van Wees, 
B. L. Feringa, Chem. Commun. 2006, 3597-3599. 
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4.1   Introduction 

In Chapter 2, photoswitching of electrical conductivity by placing diarylethene based 
switches between the contacts of metal electrodes was demonstrated. Both, the 
Mechanically Controlled Break-Junction (MCBJ) experiments1 and Scanning Tunneling 
Microscopy (STM) experiments2 have revealed that when molecules 3 and 6 (see Chapter 
2), respectively, are covalently connected to gold electrodes, they can be switched only 
from the closed to the open form. In contrast to the behavior of 3 and 6 in solution, the ring 
closure reaction is prohibited for molecules bound to gold surfaces. The lack of the ring 
closure reaction was attributed to the quenching of the excited state of the molecules with 
gold.1 Density functional theory (DFT) calculations suggested that the quenching of the 
ring closure reaction may result from the alignment of Fermi-level of gold with the HOMO 
energy level of the open isomers. The deep lying HOMO level at a high metal density of 
states offers the opportunity for many possible electron transfer events, thus reducing the 
lifetime of the hole created after an excitation.3 In order to overcome problems with 
quenching, several new diarylethene derivatives have been synthesized (see Chapter 3) 
bearing different spacer units. Once molecules are anchored onto gold electrodes these 
spacer units connecting the central photochromic unit with the terminal anchoring groups 
can influence the extent of electronic interactions of the switching unit with gold.  

MCBJ and STM offer a unique opportunity to investigate single molecules. However, they 
are expensive and time consuming experiments and preparation of samples does not allow 
for fast screening of molecular properties. This prompted us to use a fast and reliable 
method to test the photochromic properties of molecules attached to a metal. The aim of the 
research described in this chapter is to explore the photochromic properties of diarylethenes 
self-assembled as monolayers on surfaces of gold nanoparticles4 and bulk gold electrodes. 
These model systems may help us to better understand events happening at the molecule-
metal interface of nanoelectrodes. It might hence fill the gap between solution-phase 
measurements and molecular device techniques that demand expensive and time consuming 
nanofabrications. Secondly, it is of great importance to investigate redox properties of self-
assembled monolayers (SAMs) of diarylethenes formed on gold in order to explore how the 
redox properties are influenced by anchoring. Also it has been shown that cyclic 
voltammetry can be used as a read-out technique to follow photochromic interconversions 
of diarylethenes.5 
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4.2   SAMs of Diarylethenes on Gold Nanoparticles 

4.2.1   Introduction to Gold Nanoparticles 

Metal nanoparticles are fascinating objects of scientific research mainly due to their unique 
size-related properties. They occupy the intermediate region between dimensions of single 
atoms or small molecules and bulk matter. It has been predicted that nanoparticles in the 
diameter range of 1-10 nm would display electronic properties, reflecting the electronic 
band structure of the nanoparticles, owing to quantum-mechanical rules.6 The important 
consequence is that in nanoparticles, there is a gap between the valence band and the 
conduction band, in contrast to bulk metals. The resulting physical properties are neither 
those of bulk metal nor those of molecular compounds, but they strongly depend on the 
particle size.7  

Nanoparticles exhibit distinct optical properties. The most prominent feature is the surface 
plasmon excitation.8 In gold, this gives rise to an intense transition in the visible region.8 
The sensitivity of the plasmon frequency to the environment of the nanoparticle, opens the 
way for application of such particles as sensors.9  

Another important feature of nanoparticles is their high surface-to-volume ratio. Small 
particles have a large proportion of their atoms at the surface with a lower coordination 
number than bulk atoms. Bare nanoparticles are thus very unstable because of their 
extremely high surface reactivity. This inherent instability of nanoparticles, which results in 
their aggregation and subsequent precipitation from the dispersion, can be circumvented 
through surface-passivation by self-assembled monolayers (SAMs) of organic molecules 
(especially alkanethiols and amines).10,11 By functionalizing SAMs, it is also possible to 
convey various additional useful properties to the particles, for example, specific packing 
and self-assembly, special optical and electrical properties, the recognition of chemical and 
biological molecules, etc.12,13,14,15,16  

4.2.1.1   Standard Approaches Leading to Organic-Ligand Functionalized Gold 
Nanoparticles 

In principle, ligand functionalized gold nanoparticles can be prepared using two general 
strategies;  

1 Organic ligands encapsulating gold nanoparticles might be replaced by other 
organic ligands in exchange reactions.17 
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2 Nanoparticles might be grown by reduction of Au-salt in the presence of 
ligands.18 

For the first approach the most commonly used strategy is based on citrate reduction of 
HAuCl4 (vide infra) where the citrate acts as a reducing agent as well as a stabilizing 
ligand. If the second approach is employed it is usually referred as to the Brust-Schiffrin 
method (vide infra). 

4.2.1.1.1 Citrate Reduction 

Among the conventional methods of synthesis of gold nanoparticles by reduction of 
gold(III) derivatives, the most popular one for a long time has been that using citrate 
reduction of HAuCl4 in water, which was introduced by Turkevitch in 1951.19 It leads to 
nanoparticles of ca. 20 nm. In an early effort, reported in 1973,20 to obtain nanoparticles of 
desired size (between 16 and 147 nm) via their controlled formation, a method was 
proposed where the ratio between the reducing/stabilizing agent (trisodium citrate) to the 
gold salt was varied. This method is often used even now when a rather loose shell of 
ligands is required around the gold core in order to prepare a precursor to valuable 
nanoparticle-based materials. More recently, a practical preparation of sodium 3-
mercaptopropionate-stabilized gold nanoparticles was reported in which simultaneous 
addition of citrate salt and an amphiphile surfactant was adopted; the size could be 
controlled by varying the stabilizer/gold ratio.21 

4.2.1.1.2 The Brust-Schiffrin Method  

The stabilization of gold nanoparticles with alkanethiols was first reported in 1993 by 
Mulvaney and Giersig, who showed the possibility of using thiols of different chain 
lengths.22 The Brust-Schiffrin method for gold nanoparticle synthesis, published in 1994,18 
has had a considerable impact on the overall field in less than a decade, because it allowed 
the facile synthesis of thermally stable and air-stable nanoparticles of reduced dispersity 
and controlled size for the first time (ranging in diameter between 1.5 and 5.2 nm). Indeed, 
these gold nanoparticles can be repeatedly isolated and redissolved in common organic 
solvents without irreversible aggregation or decomposition, and they can be easily handled 
and functionalized just as stable organic and molecular compounds. The technique of 
synthesis uses the thiol ligands that strongly bind gold due to the soft character of both Au 
and S.18,23 In a two-phase reaction system, AuCl4

- is transferred from the aqueous phase to 
toluene using tetra-n-octylammonium bromide (TOAB) as the phase-transfer reagent and 
reduced by NaBH4 forming nanoparticles that are weakly stabilized by tetra-n-
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octylammonium bromide (Scheme 1). In the presence of thiols, tetra-n-octylammonium 
bromide is instantaneously replaced by thiol molecules (Scheme 1).  

 

Scheme 1 Formation of gold nanoparticles coated with organic shells by reduction of AuIII 
compounds in the presence of thiols. 

The transmission electron microscopy (TEM) images show that the diameters of gold 
nanoparticles prepared in such a way using dodecanethiol as a ligand are in the range 1-3 
nm, with a maximum in the particle size distribution at 2.0-2.5 nm.18 Subsequently, many 
publications appeared describing the use of the Brust-Schiffrin procedure for the synthesis 
of other stable gold nanoparticles of this kind that contained functional thiols.24 It has been 
shown that the proportion thiol:AuCl4

– used in the synthesis controls the size of the gold 
nanoparticles24 (for instance, a 1:6 ratio leads to a maximum average core diameter of 5.2 
nm with a core diameter dispersity of ± 10%). 

4.2.1.2   Characterization Techniques 

The most common characterization technique is high-resolution transmission electron 
microscopy (HRTEM), which gives an image of the gold core of the AuNPs,22,25 but the 
core dimensions can also be determined using scanning tunneling microscopy (STM), 
atomic force microscopy (AFM), small-angle X-ray scattering (SAXS),24c,26 laser 
desorption ionization mass spectrometry (LDI-MS),27 and X-ray diffraction.28 A detailed 
high-resolution study of the nanoparticle shape using HRTEM revealed that the truncated 
cuboctahedron predominated, and that decahedra, dodecahedra and icosahedra were also 
present in the same preparation of alkanethiol-stabilized AuNPs.10 The histogram providing 
the size distribution of these cores gives crucial information on the dispersity of the sample 
that is usually obtained from TEM pictures.10 The mean diameter, d, of the cores allows 
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determination of the mean number of gold atoms, NAu, in the cores:10 NAu = 4π(d/2)3/vAu. 
For instance, with d = 2.06 nm, NAu = 269.29 

The UV-Vis and IR spectra provide an identification of the ligand that is also confirmed by 
1H NMR spectroscopy, except that the ligand atoms close to the core give broad 
signals.24d,30 The NMR spectra are informative for the part of the ligand remote from the 
core. IR spectroscopy shows that, as in SAMs,31 the thiolate ligands of gold nanoparticles 
adopt the all trans conformations, with 5-25% of gauche defects at both inner and terminal 
locations.24c,30a  

4.2.2   Concept for Fast Screening of Photochromic Behavior of 
Diarylethenes Anchored on Gold Using Gold Nanoparticles 

In this section, a study of photochromic properties of dithienylethene derivatives anchored 
to gold nanoparticles is reported, showing spacer-dependent uni- and bi-directional light 
induced switching. In particular, assembly of these molecules on gold nanoparticles 
(Scheme 2) might provide a useful model system mimicking molecule-gold electrode 
interactions. The reason why this approach is convenient for fast screening of different 
photochromic molecules is the solubility of nanoparticles in organic solvents and a 
relatively high ratio between anchored molecules and gold atoms. This enables easily 
accessible analytical tools to be employed (vide supra) such as absorption spectroscopy in 
order to study photochromic interconversions of the anchored diarylethenes on gold 
surfaces.  

 

Scheme 2 Schematic depiction of photoisomerization between the open and closed form of 
a diarylethene switch anchored on gold nanoparticles. 
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In a recent paper dealing with the photochemistry of dithienylethenes attached to gold 
nanoparticles,32 the photochromic unit was isolated from the metal core to some extent by 
an alkyl chain. The same held for related studies concerning other types of photoswitches.33 
In these cases electronic interactions between chromophores and metal cores were limited 
due to the spacing between them and the photochromic behavior was retained. However, if 
one wants to exploit photochromic switches and build up electronic devices, in order to 
make those molecular switching devices feasible, low on-state resistances (and high on-off 
ratios) are essential. This requires a certain level of communication between the metal 
electrodes and the switching unit. Such molecules have been described in Chapter 3. 
Consequently a photoswitching unit of these molecules interacts with a gold nanoparticle 
core and as a result of these interactions photochromic behavior might be modified or 
completely quenched (for the limitations of photochromic reactions of diarylethenes in the 
presence of bulk gold, see Chapter 2).  

Among the compounds described in Chapter 3, 6, 21 and 22 (Scheme 3) were chosen to 
study the photochromic behavior of diarylethenes on gold nanoparticles. Compounds 6, 21 
and 22, with one acetyl-protected thiol group, are suitable candidates for functionalization 
of gold nanoparticles. When deprotected switch 6 is anchored to the flat surface of bulk 
gold, its photochromic reversibility is not preserved (for details see Chapter 2). This makes 
it an ideal candidate for comparing the effects of chromophore interactions with bulk 
surfaces versus nanoparticle surfaces. Furthermore, molecules 21 and 22 offer a possibility 
to test the effect of different positions of the anchoring group on the switching efficiency. 
The meta di-substituted phenyl spacer of 21 connects the central switching unit with the 
thioacetate group in a crossly conjugated fashion, whereas the para di-substituted phenyl of 
22 acts as a linearly conjugated spacer.  

 

Scheme 3 Molecular structures of dithienylethene molecular switches 6, 21 and 22. 
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All three compounds 6, 21 and 22 (for the synthesis and characterization, see Chapter 3) 
display typical photochromic behavior in solution. The initially colorless open isomers in 
toluene became colored when exposed to light with a wavelength of 313 nm (for more 
details on photochromic reactions in solution see Chapter 3). Similarly, the reverse process 
occurs upon irradiation with visible light (>420 nm) and the original open isomers are 
reformed, thus demonstrating the reversibility of the overall process.34  

4.2.3   Synthesis of Diarylethene Functionalized Gold Nanoparticles 

Monolayer-protected gold nanoparticles Au-6o, Au-6c, Au-21o, Au-21c, Au-22o and Au-
22c were prepared by a modified Brust-Schiffrin’s two-phase procedure35 (Scheme 4). 
Acetyl- protected thiol groups of compounds 6, 21, 22 in both open and closed forms, were 
deprotected with ammonium hydroxide in THF under an inert atmosphere immediately 
before the nanoparticle preparation in order to avoid undesired oxidative dimerization. The 
preparation itself was performed in a mixture of toluene and water containing HAuCl4, 
TOAB, deprotected thiol and NaBH4. Purification of nanoparticle samples is essential since 
any traces of unbound switches could affect the photochemical experiments. Multiple 
precipitation or size-exclusion chromatography methods were employed to obtain a clean 
sample of nanoparticles free from thiols and TOAB. The purity of the nanoparticles was 
checked by 1H NMR spectroscopy by monitoring the disappearance of the sharp 
adsorptions of the unbound switches. Although both methods lead to high purity, the 
multiple precipitation results in significant losses due to the partial solubility of the 
modified nanoparticles in appropriate solvents.  
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Scheme 4 Synthesis of gold nanoparticles coated with a shell composed of the open and the 
closed forms of diarylethene photochromic switches by reduction of AuIII: the suffix o = 
open and c = closed form 

4.2.4   Transmission Electron Microscopy of Diarylethene Functionalized 
Gold Nanoparticles 

Transmission electron microscopy was used to investigate the size of the functionalized 
gold nanoparticles. Samples for TEM experiments were prepared by dropcasting and 
blotting of a dilute dichloromethane solution on a carbon-coated Cu-grid. A typical 
micrograph of gold nanoparticles (Au-6o) (Figure 1) shows clearly the presence of small 
gold nanoparticles. The average diameter, established by TEM, was 2 nm. The size 
distribution is rather broad. The smallest size reaches a diameter of 0.6 nm and the largest 
nanoparticles have a diameter of 5 nm. Areas with a different distribution of nanoparticles 
can be observed within the same sample. In Figure 1a randomly distributed individual gold 
nanoparticles can be seen as well as small domains constituted of a few tens of 
nanoparticles. Besides individual molecules and small domains, large areas of organized 
nanoparticles are present within the same sample (Figure 1b). Hexagonal arrangement can 
be recognized although the variable size of nanoparticles induces packing defects. The 
average distance between two nanoparticle edges, as observed by TEM, is ~3.6 nm that is 
twice the size of compound 6. This indicates the presence of the organic shell encapsulating 
nanoparticles.  
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Figure 1 a) and b) Representative TEM images of Au-6o, deposited on a carbon-coated 
Cu-grid film by drop-casting from a dilute toluene solution. An average size of gold 
nanoparticles is 2.0 nm. c) A schematic representation of the hexagonal arrangement of 
SAM modified Au nanoparticles. 

4.2.5   IR-Characterization of Organic Shell Encapsulating Nanoparticles 

The nature of the organic shell encapsulating the nanoparticles was confirmed by 
reflectance FT-IR spectroscopy, showing similar spectral bands characteristics compared to 
those of unattached molecules (Figure 2). The absorption at 1710 cm-1 in the representative 
spectra of the open and closed forms of compound 21 (Figure 2a and 2c) was assigned to 
the C=0 stretching mode of the thioacetyl group. The absence of this absorption in the 
spectra of Au-21o and Au-21c (Figure 2b and 2d) is consistent with the loss of the acetyl 
group upon chemisorption on the gold nanoparticle surface. Instead of the absorptions at 
1710 cm-1, new absorptions with lower intensities are visible at 1730 cm-1, which were 
previously obscured in unbound 21 by the more intense absorptions at 1710 cm-1. These 
peaks are typical adsorption bands present in diarylethene switches.36 
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Figure 2 Representative FT-IR spectra of 21o (a) and Au-21o (b). FT-IR spectra of 21c (c) 
and Au-21c (d). 

4.2.6   Photochromic Behavior of Surface Bound Diarylethenes on Gold 
Nanoparticles 

Figure 3a shows absorption spectra of the Au-21o cluster in toluene (Scheme 4). Its 
absorption is a superposition of the spectral bands of the organic shell and a broad 
absorption of the gold nanoparticles, extending from the UV into the visible region. An 
additional absorption at 525 nm corresponds to the surface plasmon absorption which is 
typical for gold nanoparticles of 2 nm diameter in dimension.37 Upon irradiation with light 
of 313 nm, the visible spectral band increases and a new maximum is found at 558 nm, 
indicating the formation of the closed isomer. Compared to the unbound molecules, the ring 
closure process is less efficient. The quantum yield38 of this process was found to be 0.07, 
which should be compared to 0.4 for the unattached molecule (Table 1). Spectral 
characteristics and light-induced transformations of Au-22o are similar to those observed 
for Au-21o with the same quantum yield. The absorption profile of Au-6o resembles the 
absorption profiles of Au-21o and Au-22o with an UV absorption maximum at 336 nm. In 
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contrast to Au-21o and Au-22o, cluster Au-6o does not show any absorption changes upon 
irradiation with 313 nm light. The quantum yield (<<0.01, Table 1) reflects this 
observation. Further attempts to employ light with different wavelengths, ranging from 220 
nm to wavelengths in the far visible region in order to overcome an unexpected inhibition 
of the photoreaction failed. This indicates that each excitation of the molecules, arising 
from light absorption, is effectively quenched by the presence of the gold core and does not 
lead to photoreaction. 

 

Figure 3 UV/Vis spectra of a) Au-21o, b) Au-22o and c) Au-6o measured in dry toluene 
before (—) and after (---) irradiation at 313 nm. UV/Vis spectra of d) Au-21c, e) Au-22c 
and f) Au-6c measured in dry toluene before (—) and after (---) irradiation at >420 nm. 

In contrast to the ring closure process, ring opening does not vary going from the phenyl to 
the thiophene spacer. All three clusters Au-21c, Au-22c and Au-6c exhibit a decrease in 
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absorption around 560 nm (Figure 3), demonstrating that opening of the switching unit 
takes place.  

Table 1 Quantum yields of the ring closure reaction (excitation at 315 nm). The first 
column gives the relevant systems, the second the quantum yields of ring closure and the 
third the position of the maximum of the lowest-energy absorption band in the difference 
spectra. 

Compound Quantum yield Φ (open → 
closed) 

Maximum absorption λmax (abs) [nm] 
closed form 

21o 0.4 ± 0.1 536 

22o 0.4 ± 0.1 540 

6o 0.4 ± 0.1  560 

Au-21o 0.07 ± 0.03 567 

Au-22o 0.07 ± 0.03 567 

Au-6o << 0.01  - 

 

Nevertheless, the efficiency of the ring-opening process is also slowed down compared to 
molecules in solution, just as was observed in the case of the ring closure of Au-21o and 
Au-22o. A number of factors probably contribute to this phenomenon including a reduced 
effective interaction with light due to the restricted motion in a packed monolayer and a 
deteriorated transparency of the medium due to the presence of light absorbing clusters. 
However, the most important contribution is presumably partial and, in the case of the Au-
6o ring closure, complete quenching of the excited state. Quenching of the excited states of 
organic chromophores anchored to gold nanoparticles is well known and usually attributed 
to resonance energy transfer.39 In energy transfer the efficiency of the process is related to 
the strength of the coupling between chromophores. This strength is determined by the 
proximity of energy states. As the HOMO-LUMO gap of 6o is expected to be smaller, 
compare to that of the 21o and 22o,40 we can reasonably assume that its LUMO lies closer 
to the lowest unoccupied states of gold nanoparticles, so that mixing is stronger. We 
suggest that this effect is at the origin of the differences in the observed switching quantum 
yields. More detailed studies of the quenching mechanism are currently under investigation. 
The fact that ring closure of Au-21o and Au-22o has the same quantum yield indicates that 
the effect of linear- versus cross-conjugated attachment does not play an important role in 
the switching efficiency on gold. 

The observed photochromic behavior of compound 6 anchored on gold nanoparticles 
corresponds to its behavior on bulk flat gold surfaces (Chapter 2). More generally, it shows 
that monolayer-protected gold colloids form a convenient tool for fast screening of 



 

 

98 

 

 

 

 

 
  Thesis_8_for_pdf 

Chapter 4 

 

properties of functional molecules grafted on gold surfaces. Subsequently, it might be 
anticipated that compound 21 and 22 retain their reversible photochromic behavior when 
anchored on bulk gold. This will be further explored for compound 21 in the following 
section 4.3 and Chapter 5. 

4.3   SAMs of Diarylethenes on Bulk Gold Electrodes 

4.3.1   Introduction  

The electronic properties of redox active π-conjugated systems are of continuing interest41 
due to their potential application in the development of molecular based organic-electronic 
and -photonic devices.42 Of particular interest in the latter area are photochemically active 
(photochromic) molecular systems,43 such as spiropyran-,44 diarylethene-45 and azo-
benzene-46 based systems that exhibit readily accessible redox chemistry. The ability to 
harness the rich and, importantly, reversible photo- and redox-chemistry of molecular 
systems47 requires that the functionality observed in solution is retained once immobilized 
on electroactive surfaces such as noble metals,48 and semiconductor surfaces.49  

A detailed understanding of ‘hard/soft’ interface phenomena using photo- and electro-
active molecular switches is crucial to the development of molecular-based photonic 
devices.2 It has been recently demonstrated that dithienylethene-based switches can be 
employed to form self-assembled monolayers (SAMs) on ITO glass, which enables both 
read and write/erase functions in a non-destructive manner.49 Notably, the photo- and 
electrochemistry of the immobilized switches is comparable with that observed in solution. 
The effect of immobilization of similar dithienylethene photochromic switches on gold 
nanoparticles (see section 4.2), and Au-surfaces has shown that the metallic surface can 
influence the photochemical properties of the switches profoundly and is highly dependent 
on the nature of the linker group connecting the diarylethene switch to the surface. 
Employing optical spectroscopy it was demonstrate that compound 6o shows inhibition of 
ring closure on gold nanoparticles, whilst the related compound 21o showed photochemical 
ring opening and closure comparable to that observed in solution, albeit with a reduced 
photochemical efficiency. Furthermore Scanning Tunneling Microscopy (STM) has 
demonstrated reversible photo-induced switching of individual diarylethenes (21) 
immobilized as mixed monolayers (with alkylthiols) to a Au(111) surface45c (also see 
Chapter 5). 

In this section, cyclic voltammetry and X-ray photoelectron spectroscopy (XPS) is 
employed to characterize the self-assembled monolayers (SAM) of dithienylethene (6, 21 
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and 36, Scheme 5) switches on gold electrodes. Parameters of particular interest in this 
context are the surface coverage (Γ) of the diarylethene molecules, the stability of the 
monolayers with respect to both electrochemical and photochemical ring opening and 
closure reactions, and the influence of the spacer units, connecting central switching unit 
with anchoring thiol groups, on their photochemical reactivity; factors which may provide a 
deeper insight into the nature of the electronic interaction between the chemisorbed 
molecules and the gold surface. 

 

Scheme 5 Molecular structures of dithienylethenes molecular switches 6, 21 and 36. 

All compounds 6o, 21o and 36o convert readily to the closed states, i.e., 6c, 21c and 36c 
respectively, upon irradiation in solution (toluene) with λexc 313 nm and revert to the open 
state upon irradiation with visible light (> 420 nm) (for more details, see Chapter 3). 

4.3.2   Cyclic Voltammetry: Principles and Setups 

Cyclic voltammetry50 is a type of potentiodynamic electrochemical measurement. To obtain 
a cyclic voltammogram, the potential at an electrode is varied continuously at a steady rate 
and the change in current is measured with respect to the change in voltage. It is a specific 
type of voltammetry used for studying the redox properties of electroactive compounds in 
solution and interfacial structures. 

Generally, when two electrodes are placed in an electrolyte solution and a voltage is 
applied, the electrolyte will conduct electricity. Lone electrons normally cannot pass 
through the electrolyte; instead, a heterogeneous electron transfer reaction occurs at the 
cathode consuming electrons from the cathode, and another heterogeneous electron transfer 
reaction occurs at the anode producing electrons to be taken up by the anode. As a result, a 
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negative charge cloud develops in the electrolyte around the cathode, and a positive charge 
develops around the anode. The ions in the electrolyte move to neutralize these charges so 
that the reactions can continue and the current can keep flowing. The electrolyte is 
employed so that ion migration of the redox active species is minimal as well as it makes 
the solution conductive. 

In a cyclic voltammetry experiment, as in other controlled potential experiments, a potential 
is applied to the system, and the current (Faradaic + non-Faradaic current) response is 
measured (a Faradaic current is the current due to a redox reaction). The current response 
over a range of potentials (a potential window) is measured, starting at an initial value and 
varying the potential in a linear manner to a pre-defined limiting value i.e. the switching 
potential. At this potential the direction of the potential scan is reversed, and the same 
potential window is scanned in the opposite direction. This means that, for example, species 
formed by oxidation on the first (forward) scan can be reduced on the second (reverse) 
scan. This technique is commonly used, since it provides a fast and simple method for 
initial characterization of a redox-active system. In addition to providing an estimate of the 
redox potential, it can also provide information about the rate of heterogeneous electron 
transfer between the electrode and the analyte, and the stability of the analyte in different 
oxidation states (e.g., do they undergo subsequent chemical reactions) 

For the majority of experiments the electroactive species is dissolved in a solution. The 
method uses a reference electrode, working electrode, and counter electrode (also called the 
secondary or auxiliary electrode). Electrolyte is usually added to ensure sufficient 
conductivity and prevent charge migration of the analyte double layer. The combination of 
the solvent, electrolyte and specific working electrode material determines the range of the 
potential. 

The potential is measured between the reference electrode and the working electrode and 
the current is measured between the working electrode and the counter electrode. These 
data are then plotted as current (i) vs. potential (E) (Figure 4). The electroactive compound 
is initially present typically in the most stable oxidation state. The voltage scan starts at the 
open circuit potential (i.e. the potential where no current flows) and hence, there is only a 
non-Faradaic current response to solvent reorganization at the working electrode. As the 
voltage approaches the oxidation potential of the analyte Ep a Faradaic current begins to 
flow indicating that the molecule is being oxidized depending on the scan direction 
employed. The current continues to rise (exponentially). This is known as the kinetic region 
of the voltammogram. As the voltage increases, the rate of reaction also increases until a 
point is reached when the process becomes limited by the mass transfer of the analyte from 
the bulk to the electrode surface. The current then begins to fall and a peak is produced. As 
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the voltage sweep is reversed, the oxidized material that is in the vicinity of the electrode is 
reduced resulting in a reduction peak of similar magnitude. This reduction peak will usually 
have a similar shape to the oxidation peak. As a result, information about the redox 
potential and electrochemical reversibility of the analyte are obtained. 

 

Figure 4 A typical cyclic voltammogram. 

If the electronic transfer at the surface is fast and the current is limited by the diffusion of 
species to the electrode surface, then the current peak will be proportional to the square root 
of the scan rate. 

The initial electrode potential (Ei ) is set in a region where no reaction occurs. The potential 
is then scanned in the forward direction at a given scan rate (v) such that it can be 
determined at any given time t by the relationship;  

E(t) = Ei - v t 

All redox processes taking place during a potential sweep result in the appearance of 
current peaks. Assuming that the heterogeneous electron transfer reaction kinetics are very 
fast compared to the scan rate, the equilibrium involving the concentrations of reduced and 
oxidized species at the electrode surface will adjust rapidly according to the Nernst 
equation;  

E = Eo + RT/nF ln CO /CR 

Where CO and CR represent the surface concentrations of oxidized and reduced species. If 
the system is diffusion controlled (the normal situation for cyclic voltammetry) then Fick's 
law of diffusion holds for both O and R. Under these conditions, the peak current (iP) is 
given by the Randles Sevcik equation;  
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IP = 2.69 x 105 n3/2 A DO
1/2 v1/2 CO 

where A is the electrode area (cm2), n is the number of electrons transferred, CO is the 
concentration (mol.cm-3) and v is the scan rate (volt/s).  

The relationship for the reverse scan in the cyclic voltammogram is given by;  

E = Ei - 2 v λ + v t 

where λ is the time at which the potential is reversed. The shape of the reverse scan is 
therefore dependent on Ei (the switching potential) and the kinetics of the actual system 
under test. 

4.3.2.1   Electrochemical cell and electrodes that can be used in cyclic voltammetry 
experiments  
An electrochemical cell consists of at least two electrodes and one electrolyte solution. An 
electrode may be considered to be an interface at which the mechanism of charge transfer 
changes between electronic (movement of electrons) and ionic movement of ions. An 
electrolyte is a medium through which charge transfer can take place by the movement of 
ions.  

In a cell used for electroanalytical measurements there are always three electrode functions. 
The first of the three electrodes is the working electrode. This is the electrode at which the 
electrochemical phenomena being investigated takes place. The second functional electrode 
is the reference electrode. This is the electrode whose potential is constant enough that it 
can be taken as the reference standard against which the potentials of the other electrodes 
present in the cell can be measured. The final functional electrode is the counter or 
auxiliary electrode, which serves as a source or sink for electrons so that a current can be 
passed from the external circuit through the cell. In general, neither its true potential nor 
current is ever measured or known.  

4.3.2.1.1 Working electrodes 
Noble metal indicator electrodes:  

There are a number of noble metal electrodes currently available for voltammetric studies. 
In order of frequency of use, they are platinum, gold and silver followed occasionally by 
palladium, rhodium and iridium. Various polycrystalline forms including sheets, rods and 
wires are commercially available in high purity and the materials are readily machined into 
useful shapes. All of the noble metals have a low overpotential for hydrogen evolution. All 
of the noble metals adsorb hydrogen on their surfaces although gold does so to a lesser 
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extent. Palladium adsorbs hydrogen into the bulk metal in appreciable quantities and is not 
recommended for use as a cathode in protic solvents.  

Carbon indicator electrodes  

As an inert electrode material, carbon is useful for both oxidation and reduction in both 
aqueous and nonaqueous solutions. Only graphitic forms of carbon conduct and are 
therefore useful as electrode materials. Ordinary spectroscopic grade graphite rods can be 
used in which the surface area of the electrode does not need to be well defined. Other 
types of carbon electrode include the vitreous (glassy) carbon electrode and the carbon 
paste electrode.  

4.3.2.1.2 Reference electrodes  
The ideal reference electrode should posses the following properties: i) it should be 
reversible and obey the Nernst equation with respect to some species in the electrolyte, ii) 
its potential should be stable with time, its potential should return to the equilibrium 
potential after small currents are passed through the electrode, iii) if it is an electrode like 
the Ag/AgCl reference electrode, the solid phase must not be appreciably soluble in the 
electrolyte, iv) it should show low hysteresis with temperature cycling.  

One of the most common reference electrodes is the KCl saturated calomel half cell (SCE). 
A simple form of this electrode can be assembled by adding to a tube, mercury metal, a 
small amount of solid mercury (II) chloride, several grams of solid KCl and some distilled 
water. Connection to the external measuring circuit can be made by using a fine platinum 
wire dipping into the mercury pool.  

4.3.3   Cyclic Voltammetry and Electrochemical Switching of Diarylethenes in 
Solution 

It has been recently shown that diarylethenes can undergo a ring closure or ring opening via 
electrochemical oxidation and subsequent reduction.5c-e The driving force for ring closure is 
stabilization of the monocation through (partial) delocalization of the charge on the second 
ring. Where the communication between the rings is poor the stabilization achieved does 
not compensate for the loss of ring stabilization (aromaticity), and hence ring opening of 
the monocation/dication of the closed form is favored. 

The solution redox properties of compounds 6c, 21c and 36c in both open and closed forms 
are detailed in Table 2. As expected for both 6o and 21o an irreversible oxidation process 
(Figure 5) is observed at ~1.0-1.1 V, which results in efficient ring closure to yield (on re-
reduction) 6c and 21c, respectively. For 21c and to a lesser extent 6c, two resolved 
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reversible one-electron oxidation waves are observed at ~0.2-0.6 V. For 36o an irreversible 
oxidation at 1.3 V is observed, which, in contrast to related hexafluorocyclopentene based 
switches,5c,e  leads to partial cyclization to 36c2+ and (upon re-reduction) 36c.  

Table 2 Electronic redox data of compounds 6c, 21c and 36c. 

compound Ep,a
a vs SCE [V] compound E1/2

a vs SCE [V] 
6Ho 0.985 6Hc 0.330, 0.395 
21Ho 1.180 21Hc 0.405, 0.480 
36Fo 1.310 36Fc 0.745, 0.805 

   a in CH3CN/0.1 M LiClO4 

 

 

 

Figure 5 Cyclic voltammetry in CH3CN/ 0.1 M LiClO4 (vs SCE) of a) 6o (0.5 V s-1 inset: 6c, 
0.1 V s-1) b) 21o (0.5 V s-1) c) 36o, 0.1 V s-1; inset: 36c, 0.5 V s-1. Glassy carbon working 
electrode and platinum wire counter electrode. 
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Overall the electrochemical properties of 6c, 21c and 36c are in agreement with those 
observed for their symmetric analogues5e and the electrochemical relationships involved are 
outlined in Figure 6. 

 

Figure 6 Schematic diagram for electrochemical processes observed for diarylethene-
based switches and reactions leading to electrochemical ring closure and ring opening i) 
disproportionation of C+ to C and C2+, ii) equilibrium between open (o) and closed (c) state 
of the dicationic switch and iii) oxidation of the closed form by the open dication. Arrows 
indicate chemical reversibility only.5c,e  

4.3.4   Electrochemically Driven Switching of 6o and 6c SAMs 

Self-assembled monolayers of 6o and 6c were formed on both gold bead electrodes and on 
gold coated glass slide electrodes. The surface coverage was found to be independent of 
whether 6o or 6c was used in the formation of the SAM (Γ = 0.7 x 10-10 mol cm-2) and as 
expected for a SAM the current varied linearly with scan rate. For SAMs of 6o an 
irreversible oxidation is observed at ~1.0 V, which results in the formation of 6c2+ and upon 
re-reduction 6c (Figure 6, Figure 7a and b). At low overpotentials for the oxidation of 6o 
repetitive cyclic voltammetry results in ring closure with minimal oxidative damage to the 
underlying gold surface of the bead electrodes, i.e. the capacitance of the electrode is the 
same before and after ring closure (Figure 7c). Even at high scan rates loss of signal 
intensity for 6c was observed upon repetitive cycling between 0.0 and 0.8 V. The loss in 
signal intensity (assigned to 6c) is not due to desorption of the SAM but rather to very slow 
ring opening via the dicationic species (Figure 6). Indeed a complete recovery of the redox 
wave of 6c is observed upon cycling between 0 and 1.4 V (vs SCE). Photolysis of 6o SAMs 
with UV light did not result in the formation of the ring closed isomer 6c, in stark contrast 
to the behavior observed for this compound in solution. Photolysis of 6c SAMs with visible 
light (> 400 nm) controlled by repetitive cycling leads to the slow decrease of the signal 
intensity. However, this decrease of the signal intensity was assigned to decomposition of 
the SAMs by repetitive cycling. Weak photochemical activity of 6c might still be present, 
however cannot be detected.  
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Figure 7 Cyclic voltammetry of 6o modified gold bead electrodes. a) Single cycle at 100 V 
s-1 for 6o SAM on a gold bead electrode (thick line) and subsequent cyclic voltammetry 
between –0.1 and 0.70 V (thin line). b) Cyclic voltammetry (at 20 V s-1) of 6o modified gold 
bead electrode between 0.0 and 0.8 V before (thin line) and after (thick line) 
electrochemical ring closure. c) Repetitive cyclic voltammetry of a 6o modified gold bead 
electrode between 0.0 and 0.90 V vs SCE at 1 V s-1. Cyclic voltamograms are 
uncompensated for solution resistance. 

4.3.5   Electrochemical and Photochemical Opening of 36c SAMs. 

Self-assembled monolayers of 36o and 36c where formed on both gold bead electrodes and 
on gold coated glass slide electrodes. The surface coverage of the gold bead 36c SAMs (Γ = 
1.1 x 10-10 mol cm-2) were found to be similar to those of 6o/6c. The cyclic voltammetry 
and photochemistry observed on both substrates were essentially identical and the surface 
confinement of the redox process observed for 36c on a gold bead electrode was verified by 
the linear current (I) dependence on scan rate (1-20 V s-1) and comparison with the scan 
rate dependence of the non-Faradic current (i.e., the current at 0.2 V, Figure 8). 
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Figure 8 a) Scan rate dependence of the non-Faradic (I × 10, at 0.2 V vs SCE, circles) and 
Faradic (0.75 V vs SCE, squares) currents of a 36c SAM on a gold bead electrode, r2 for 
linear fits > 0.99. b) Cyclic voltammetry of 36c SAM on a gold bead electrode at 1, 5, 10 
and 20 V s-1. 

At high scan rates and low overpotentials (< 0.8 V vs. SCE) the redox response of 36c was 
found to be stable49 allowing for monitoring of the effect of irradiation on the 36c modified 
electrodes by cyclic voltammetry (Figure 9). UV and visible irradiation of the surface of 
both the gold bead and gold coated glass slide electrodes shows minimal effect with no 
change to the surface capacitance or XPS spectra (vide infra, Figure 9). Irradiation of a 36c 
SAM modified gold bead with visible light (> 400 nm) resulted in a steady depletion of the 
intensity of the redox wave at 0.8 V, Figure 9, due to photochemical ring opening to form 
36o (vide infra). On the other hand photolysis of 36o SAMs with UV light did not result in 
the formation of the ring closed isomer 36c. 
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Figure 9 Photolysis of a 36c SAM on a gold bead electrode with visible light (> 400 nm) 
monitored by cyclic voltammetry (each scan taken at 3 min time intervals). 

At lower scan rates (< 1 V s-1) the intensity of the redox signal is reduced significantly over 
repeated cycling compared to that observed at high scan rates. At higher switching 
potentials, i.e. 0.9 or 1.0 V, a steady decrease in signal intensity is observed even at higher 
scan rates. Indeed, extended repetitive cycling at 1 V s-1 between 0.0 and 0.8 V results in a 
complete loss in signal intensity, as seen in Figure 10b. As for irradiation, however, the loss 
in signal is not due to desorption of the SAM. XPS analysis (vide infra) before and after 
visible irradiation and before and after slow repetitive cyclic voltammetry demonstrates that 
the sulfur-gold bond of the monolayer remains intact. Furthermore, cyclic voltammetry 
between 0 and 1.6 V indicates that in both cases the SAM has been converted from the 
closed form 36c to the open form 36o (Figure 11). 
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Figure 10 Effect of switching potential and scan rate on the stability of the cyclic 
voltammetric response of a 36c SAM on a gold bead electrode. a) Cyclic voltammetry of 
36c SAM modified gold bead electrode at 20 V s-1 between 0.0 and 0.8 V (dashed line) and 
0.0 and 1.0 V (solid line). b) Cyclic voltammogram of a 36c SAM at 20 V s-1 showing 
decrease in signal intensity after each set of 50 cycles at a scan rate of 1 V s-1. 

 

Figure 11 a) Cyclic voltammetry of 36c SAM modified gold bead electrode after visible 
irradiation (dashed) and a 36o SAM modified electrode (dotted and solid) In 
CH3CN/LiClO4 0.1 M vs SCE at 20 V s-1. b) Cyclic voltammogram between 0.0 and 0.8 V 
before and after cyclic voltammetry of photochemically opened 36c SAM between 0.0 and 
1.6 V). 

As with cyclic voltammetry in solution (Figure 5), oxidation of the open form 36o, leads to 
the formation of 36c upon re-reduction. However, after a single cycle to 1.6 V, the recovery 
of the signal of 36c is low indicating that ring closure is incomplete. The oxidation to 1.6 V 
results in some disturbance of the SAM (i.e. an increase in electrode capacitance), however 
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after ~10 min the cyclic voltammetric response between 0.0 and 0.8 V stabilized (Figure 
12) and visible irradiation of the gold bead electrode to reopen the 36c SAM could be 
repeated (Figure 12: inset). These results are in agreement with the behavior of this 
compound in solution. Overall oxidation of 36c SAMs in the closed state leads to ring 
opening (e.g., 36c → 36o) as observed in solution.5c,e In principle there is an equilibrium 
between the open and closed dicationic species 36c2+ and 36o2+ (Figure 6), and oxidation of 
the open state SAM at a high scan rate leads to partial conversion of the SAM to the ring 
closed state. However, in solution the chemical stability of 36o2+ is poor and irreversible 
decomposition of 36o is observed upon electrochemical oxidation.5c,e Hence although some 
electrochemically induced ring closure is observed, it is a minor process, due to the fact that 
the equilibrium between 36c2+ and 36o2+ favors the open dication and the reduction of the 
dicationic species must be carried out at a faster rate (i.e., at high scan rates) than 
decomposition of 36o2+ occurs. 

 

Figure 12 Cyclic voltammetry of 36c modified gold electrode after visible photolysis and 
subsequent electrochemical ring closure. Inset: visible photolysis of the electrochemically 
closed monolayer. 

4.3.5.1   X-ray photoelectron spectroscopy (XPS) 

XPS measurements were performed on monolayers of 36o and 36c on gold coated glass 
slides to characterize the stability of the SAMs after oxidative cyclic voltammetry and 
photochemical ring opening. The corresponding XPS data are presented in Table 3. 
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Table 3 XPS data for gold coated glass slide electrodes with self assembled monolayers of 
36o, 36c and a 36o modified electrode after electrochemical ring closure 

compound S 2p S / F S / Au 
36o 163.8 (80.9 %) 

162.5 (19.1 %) 
 
69.6 % 

 
30.4 % 

36c 163.6 (79.0 %) 
162.5 (21.0 %) 

 
67.4 % 

 
24.8 % 

36o after oxdative cyclic voltammetry between 
0.0 and 1.6 V (see Figure 10) 

163.6 (77.7 %) 
162.3 (22.3 %) 

 
69.3 % 

 
25.0 % 

 

The carbon region of the XPS spectra (not shown) was not analyzed quantitatively due to 
the possibility of contamination in air. The S 2p core level region of both 36o and 36c 
shows two clear contributions, one where the S 2p3/2 is found at 162.5 eV and which is 
assigned to sulfur bound to gold,51 and the other component with the S 2p3/2 peak at 
(163.7±0.1) eV, which is attributed to the thiophene sulfurs.52 Signals at binding energies of 
168.5 eV were not observed indicating that oxidized species of sulfur were not present in 
the sample.53 Importantly, after electrochemical oxidation at 1.6 V (Figure 11) of 36o 
SAMs, the S 2p core level region presents the same characteristics, highlighting the fact 
that degradation of the SAM is not significant during electrochemical switching of the 
molecules. Furthermore, the S/F ratio is not modified, which indicates that the chemical 
integrity of the molecules is preserved. The S/F value extracted from the spectra is slightly 
lower than the expected 80% value due to attenuation of S 2p photoelectrons.54 Oxidation 
of 36o SAMs does not modify the measured S/Au ratio substantially, indicating that the 
molecules do not desorb after application of such a potential sweep. Finally, analysis of the 
XPS spectra acquired after oxidative desorption of 36o and 36c SAMs did not show the 
presence of fluorine (a peak at 687.0 eV was not observed),55 sulfur or oxidized sulfur on 
the gold substrate. This indicates that all molecules are desorbed by oxidation above 1.6 V 
over prolonged periods (30 s to 1 min at constant potential). Thus we can conclude that 
SAMs of diarylethene derivatives on gold are stable with respect to the electrochemical and 
photochemical ring opening and closing experiments described above, but can undergo 
desorption when oxidized for prolonged periods to the cationic state. 

4.3.6   Electrochemical and photochemical switching of 21o and 21c SAMs. 

The surface coverage of 21 on gold bead electrodes (Γ = 1.5 x 10-10 mol cm-2, Figure 13) is 
as expected and compares well with that obtained for 6 and 36 SAMs. The linear 
dependence of current on scan rate confirms the surface confined nature of the redox 
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processes observed and the stability of the SAM of 21c with regard to both ring opening 
and desorption was found to be excellent at scan rates above 1 V s-1 between 0 and 0.55 V 
(Figure 13). 

 

Figure 13 Left: cyclic voltammetry of 21c on a gold bead electrode at, 2, 5, 10 and 20 V s-1. 
Right: current scan rate dependence of cathodic current at 0.1 (scaled by 5 for 
comparison) and 0.42 V. 

As observed in solution, electrochemical oxidation of 21o results in the formation of 21c 
(after re-reduction of 21c2+), Figure 14. Oxidation of a 21c SAM to the dicationic state, 
although not resulting in immediate desorption, leads to loss in signal intensity (Figure 14). 
However, on gold the loss is sufficiently slow to allow for electrochemical ring opening of 
21c SAMs to be observed similar to that observed previously on ITO.49 
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Figure 14 a) Cyclic voltammetry (0.0-0.8V) of 21o SAM on gold after irradiation at 312 
nm (solid line), after subsequent electrochemical ring opening (by repetitive cycling 
between 0.0 and 0.9 V at 0.1 V s-1) (dotted line) and closing (dashed line, closed by cycling, 
see Figure 13b); (b) electrochemical ring closure by cycling between 0.0 and 1.2 V at 100 
V s-1, Faradaic processes (i.e. due to 21c) are not present on the first anodic scan (solid 
line) but appear on subsequent cycles (dashed line). 

The 21o SAMs have been shown, by XPS, to be stable with respect to desorption, upon 
photochemical ring closure under ambient conditions.45c In contrast to both 6o and 36o, 
irradiation of 21o modified gold beads with 312 nm light leads to the formation of 21c 
(Figure 14a). The SAM on Au can be converted back to the 21o state by irradiation with 
visible light (> 400 nm) (not shown) or by electrochemical ring opening. 

4.3.7   Discussion 

The surface coverage of the SAMs of the dithienylethene on gold lies in the range of 0.5-
1.5 x 10-10 mol cm-2, which is typical for molecules of this size.56 For 6c, 21c, and 36c the 
width at half height of the voltammetric waves is 160-220 mV, which is much broader than 
the ideal 90.6 mV for a one electron process, however, the linearity of the slope of ip/
 
(using ip = n2F2 
A�*/4RT) confirms that both oxidation and reduction are of surfaced-
immobilized species. For 21c it is apparent that oxidation to the dicationic state involves 
two sequential one electron oxidation steps. For both 6c and 36c the single redox wave 
would indicate the possibility of a two-electron process being involved, however, in both 
cases two sequential one electron process are expected to take place by comparison with 
solution chemistry.5c,e The stability of the SAMs formed on gold bead and plate electrodes 
under extended electrochemical and photochemical conditions was found to be good, 
however, prolonged oxidation to the cationic forms resulted in desorption of the SAMs. 
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4.4   Conclusions 

In conclusion, the photochromic behavior of three diarylethene switches directly linked to 
gold nanoparticles via an aromatic spacer has been investigated in section 4.2. Depending 
on the spacer uni- (compound 6) or bi-directionality (compounds 21 and 22) has been 
observed. This demonstrates that small changes in the molecular structure, leading to the 
variation of the alignment of HOMO/LUMO with the energy states of gold nanoparticles, 
can have an enormous impact on the overall photochemistry.  

In section 4.3 the immobilization of the thiol-terminated dithienylethenes, in both the open 
and the closed form, as SAMs on gold plate and bead electrodes has been carried out for 
three structurally distinct examples. SAMs of compound 6 did not show any photoactivity 
whereas ring opening process is preserved for SAMs of 36 and SAMs of 21 show 
reversible photoactivity in both directions. It is apparent that the distance of a photoactive 
compound from the gold surface does not determine, to a first approximation, the 
magnitude of quenching of photochemical reactivity of the compounds by the surface since 
in all cases this distance is similar. The packing of all three compounds in the SAMs is 
similar, as observed from the measurements of capacitance, therefore the differences in 
observed photochemical activities are not due to the different packings. The differences in 
observed photochemical activities for different molecules should therefore depend mainly 
on the nature of the spacer employed (thienyl vs. meta-phenyl) but also the molecular 
structure itself (i.e., hexfluoro- vs. hexahydro-cyclopentene). Overall it may be concluded 
that in immobilizing photoactive molecular systems on gold does not, markedly, result in 
perturbation of the electrochemical properties of the compound. Indeed electrochemistry 
offers an excellent approach for not only characterizing and controlling photoactive SAMs, 
but allows for highly sensitive non-destructive readout of the molecular state of the SAM. 

Both approaches, functionalized gold nanoparticles and electrochemical readout of the 
molecular state of photochromic compounds, offer a new route towards non-expensive and 
fast screening of photochemical properties of photoactive compounds anchored on gold 
surfaces. In the following chapter the next step will be taken towards single molecule 
switchable devices and light-induced single molecule switching will be examined 
employing compound 21 exhibiting reversible photochemical behavior on gold 
nanoparticles and bulk gold electrodes.  
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4.5   Experimental Section 

General Remarks 

See Chapter 2 for information on characterization, UV/Vis and IR spectroscopy and 
irradiation experiments performed in solutions. 

Preparation of gold nanoparticles 

The typical synthetic procedure is as follows: HAuCl4 (135 mg, 0.343 mmol) in water (34 
ml) was added to tetra-n-octylammonium bromide (375 mg, 0.686 mmol) in toluene (92 
ml), and the mixture was vigorously stirred. The yellow aqueous solution became colorless, 
and the toluene phase turned orange. After 10 min, 6o (167 mg, 0.343 mmol) (freshly 
deprotected with NH4OH (0.84 ml of µ 25 % aq. solution) in THF (16 ml) stirred for 30 
min and the solvent evaporated) in toluene (12 ml) was added and mixture was stirred for 
10 min. A freshly prepared solution of NaBH4 (129 mg, 3.34 mmol) in water (34 ml) was 
added to the vigorously stirred solution. The resulting mixture continued to be stirred 
overnight. The organic phase was then separated, evaporated and dried in vacuum for a day. 
The crude solid was dissolved in toluene (15 ml) and mixed with methanol (150 ml). The 
dark precipitate was filtered off and washed with methanol. Size-exclusion chromatography 
(sephadex LH-20, 1 m column, THF) gives Au-6o separated from remaining thiol and 
tetra-n-octylammonium bromide. The purity of nanoparticles was controlled by 1H NMR 
spectroscopy by monitoring the disappearance of the sharp absorptions that can be 
attributed to unbound molecules present in solution. 

Transmission Electron Microscopy 

Electron microscopy investigations were carried out by Dr. C. van den Brom with a Philips 
CEM 120 transmission electron microscope, equipped with a LaB6 filament. The 
microscope was operated at 120 kV. Images were acquired with a built-in Gatan 794 CCD-
camera (1024 x 1024 pixels), controlled by Gatan Digital Micrograph v3.5 software. 

All TEM samples were investigated using an amorphous carbon support-film of several 
nanometers thickness on a 3 mm 400 µm mesh copper grid. Amorphous carbon films were 
prepared by standard methods. The sample material was deposited by making a dilute 
solution in a dichloromethane, putting a droplet of about 0.05 ml on the film, rapidly 
followed by blotting of most liquid with filtration paper. 
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Reflectance FT-IR spectra 

The IR spectroscopy measurements were performed on a Nicolet Nexus FT-IR apparatus. 
Small quantities of diarylethenes or diarylethene-modified gold nanoparticles were grinded 
together with the KBr and the final powder was equally spread on the sample holder. 

Preparation of gold electrodes  

Gold bead electrodes were prepared by beading gold wire (0.5 mm diameter and 99.995%) 
in a dihydrogen gas flame. After preparation, the electrodes were transferred immediately 
to a 0.5 mM ethanolic solution of the compound of interest and stored in the dark. After a 
minimum of 16 h the electrodes were removed and rinsed with ethanol and then with 
CH3CN/0.1 M LiClO4 prior to introduction into the electrochemical cell. Alternatively, the 
gold bead electrodes were cleaned electrochemically by repetitive cycling in 0.5 M H2SO4 
between –0.2 and 1.45 V (vs SCE) until a stable cyclic voltammogram was obtained.  

Flat gold macroelectrodes were prepared in a home-made vacuum deposition chamber. 200 
nm of gold were evaporated onto glass coated with a chromium layer of 1 nm thickness as 
an adhesion promoter. After 30s annealing in a hydrogen flame, the samples were placed 
immediately in a 0.5 mM ethanolic solution of the compound of interest overnight, at room 
temperature and in the dark. After at least 16 h, the electrodes were rinsed with ethanol, 
dried under an argon stream and either introduced directly into a vacuum for XPS 
measurements or treated photo/electrochemically and then rewashed and dried prior XPS 
measurements. 

X-ray photoelectron spectroscopy  

XPS measurements were carried out by Dr. N. Katsonis using an X-PROBE Surface 
Science Laboratories photoelectron spectrometer equipped with a monochromatic Al K� X-
ray source (h� = 1486.6 eV). The energy resolution was set to 1.6 eV and the photoelectron 
take-off angle was 37o. The base pressure in the measurement chamber was better than 2 x 
10-10 mbar. All binding energies were referenced to the Au 4f7/2 core level at 84.0 eV.57 
Spectral analysis included a linear background subtraction and peak separation using mixed 
Gaussian-Lorentzian functions in a least squares curve-fitting program (Winspec) 
developed in the LISE laboratory of the Facultes Universitaires Notre-Dame de la Paix, 
Namur, Belgium. The photoemission peak areas of each element, used to estimate the 
amount of each species on the surface, were normalized by the sensitivity factors of each 
element tabulated for the spectrometer used. 
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Electrochemistry  

Electrochemical measurements were carried out on a Model 630B Electrochemical 
Workstation (CH Instruments) under the supervision of Dr. W. R. Browne. For solution 
analysis, analyte concentrations were typically 0.5 to 1 mM in anhydrous acetonitrile 
containing 0.1 M LiClO4. Unless stated otherwise a Teflon shrouded glassy carbon working 
electrode (CH Instruments), a Pt wire auxiliary electrode and SCE reference electrode were 
employed in all measurements. Cyclic voltammograms were obtained at sweep rates 
between 10 mV s-1 to 100 V s-1. For reversible processes the half-wave potential values are 
reported. Redox potentials are +/- 20 mV. Surface coverage (Γ /mol cm-2) of the SAMs in 
the ring closed state were calculated from the current density of first or first and second 
oxidation wave. The area of the electrode was calculated from the AuO reduction wave 
obtained prior to monolayer deposition. Electrode capacitance was determined from the 
scan rate dependence of the non-Faradaic current (at least 300 mV lower potential than the 
least anodic oxidation process for a particular system) in 0.1 M LiClO4 in acetonitrile. For a 
bare gold bead electrode the capacitance determined was 11.8 µF cm-2 and for a n-
dodecanethiol modified bead electrode 1.6 µF cm-2. Extended irradiation of either bare or 
n-dodecanethiol modified electrodes with 312 nm light for over 60 min did not result in a 
change in their capacitance. The capacitance of the SAM modified electrodes were 
typically 7-12 µF cm-2 for SAMs of 6o, 36c and 21c.  

Photochemistry 

Irradiation of electrodes was carried out in the electrochemical cell and in air with UV light 
(312 nm) using a high pressure mercury/xenon lamp (200W, Oriel), and appropriate 
highpass or bandpass filters (Andover corporation) for visible irradiation. Samples were 
protected from heating during irradiation using a water filter. UV/Vis measurements were 
performed on a Hewlett-Packard HP 8453 diode array spectrophotometer. 
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