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1
INTRODUCTION

This chapter gives a brief introduction to molecular machines and molecular switches as
well as to the development of molecular electronics. The working principle of a molecular
tunneling junction with gold as bottom electrode and a liquid metal as top electrode is
discussed.

1



1. INTRODUCTION

1.1. MOLECULAR MACHINES (DESIGN AND DEVELOPMENT )
Molecular machines can be defined as devices that can produce useful work with
the interaction of individual molecules at the molecular length scale. Balzani et
al., [1, 2] defined a molecular device as “An assembly of a discrete number of molecular
components designed to achieve a specific function. Each molecular component performs
a single act, while the entire supramolecular assembly performs a more complex function,
which results from the cooperation of the various components.” Molecular machines are
nanoscale devices, whose movement is governed by statistical mechanics and not by
Newtonian mechanics as for macroscopic machines[3]. Since at room temperature the
molecular components are constantly in motion, the supramolecular architecture needs
to control the directionality of the movement and restrict the degrees of freedom. Mother
Nature developed different types of molecular machines for biological systems such as
those for ATP[4] synthesis and DNA[5, 6] replication. The pioneering work of Jean-Pierre
Sauvage, J. Fraser Stoddart and Ben L. Feringa in the area of molecular machines was
awarded the Noble prize 2016. Noble committee member Olof Ramström[7] indicates “
In a sense, we are at the dawn of a new industrial revolution of the twenty-first century,
and the future will show how molecular machinery can become an integral part of
our lives. The advances made have also led to the first steps towards creating truly
programmable machines, and it can be envisaged that molecular robotics will be one of
the next major scientific areas.”

The group of T. Ross Kelly[8] developed a molecular machine (Figure 1.1) where the
direction of of the rotary motion can be controlled with the help of chemical reactions.
These molecular machines only rotate by 120◦ around the axis. In the same year
the Feringa group published an article in Nature, describing an overcrowded alkene
molecule which rotates unidirectionally around the alkene axis[9–11] under irradiation

Figure 1.1 Chemically powered 120° directional rotation of a triptycene residue,[8]. Copyright © 1999, Springer
Nature.
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1.1. MOLECULAR MACHINES (DESIGN AND DEVELOPMENT )

(a)

(b) (c)

Figure 1.2 (a), Light power 360° (a), 1st generation rotatory motor model Copyright © 1999, Springer Nature[9],
(b), 2nd generation motor which helps the rotation of (c) microscopic object[13] Copyright © 2006, Springer
Nature.

with light. The rotation occurs by first an energetically uphill photoisomerization (stable
-> unstable) followed by an energetically favourable helix inversion (unstable -> stable)
resulting in a 360◦ rotation. Repeating these steps results in a biased unidirectional
rotation of the upper half (arbitrarily termed rotor) relative to the bottom half (stator)
as illustrated in Figure 1.2 (a) In practice the motor continues turning as long as the
compound is irradiated with photons and kept above a critical temperature. Over
the next decade, different functionality and different generations of motor molecules,
dramatically[12] increased the rate of rotation and potential candidates for applications
such as rotating a macroscopic object[13] (Figure 1.2 (b)), switching the chirality[14] of
an organocatalyst, and acting as the “motorized wheels” of a “nanocar”[15]. Besides
molecular motors, over the years scientists have developed a wide range of molecular
devices for practical applications, which include tubes, wires, shuttles, switches and
ratchets. The following section presents some examples of molecular switches.

1.1.1. MOLECULAR SWITCHES 1 : SPIROPYRANS

Molecular switches are molecules that can exist in two or more stable states. The
molecules may be reversibly switched from one state to the other by external stimuli
such as heat[16] light[17], or a change in pH[18, 19]. These molecules commonly
change their conformation in such a way that the properties of the new structure

1
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Figure 1.3 Possible pathway of photochemical and thermal isomerization of spiropyran.

are different from the parent one. The light-active switches are interesting for their
wide range applications, e.g. spiropyrans have been suggested for optical[20, 21],
sensor[22], and electronic[23] applications. Spiropyran was discovered in the early
twentieth century and its photochromic reaction described by Fischer and Hirshberg[24]
for a “photochemical erasable memory”. The possible pathway of photochemical
and thermal isomerization of spiropyran is represented in Figure 1.3. The molecule
comprises an indoline N and a chromene moiety, bound together via a spiro carbon. UV
(365 nm) irradiation of SP gives rise to the open-ring isomer merocyanine (MC; Figure
1.3) in a first-order process. The ring-opening reaction can be represented either as
a heterolytic C–O bond cleavage or as a 6π electrocyclic ring opening, leading to the
zwitterionic (MC) or the quinoidal resonance forms, respectively.[25] The MC-SP reverse
isomerisation usually occurs spontaneously, and can be accelerated by visible light.

The two isomers (zwitterionic, quinoidal) have different properties in different
solvents, and react differently to metal ions, acids and bases, temperature, redox
potential, and mechanical force. The vastly different physiochemical properties of SP
and MC derive firstly from the charge separation in MC, which gives rise to a large
electric dipole moment. Density functional theory along with experimental results
suggest that the dipole moment of the parent SP is in the range of 4–6 D, whereas
it amounts to 14–18 D for the MC form[25]. Secondly, SP occupies less volume than
MC and thirdly the electronic structure related to each conformation implies that SP is
optically transparent in the visible region, whereas MC strongly absorbs at λ = 550–600
nm[22]. Fourthly, protonation of MC in presence of acid leads to MCH+[23].

1.1.2. MOLECULAR SWITCHES 2 : A SWITCHABLE HOST-GUEST SYSTEM

BASED ON CUCURBIT[8]URIL

Supramolecular host–guest systems with reversible non covalent interactions such as
hydrogen[26, 27], electrostatic[28], van der Waals[29] and hydrophobic[29] bonding
between macrocyclic hosts and suitable guests are good candidates for surface
functionalization [30–32]. The binding and dissociation processes for the host-guest
chemistry are often reversible. Cucurbiturils constitute a unique class of macrocyclic
hosts, because of the strong charge-dipole and H-bonding interactions as well as the
hydrophobic effect derived from the negative portals and rigid cavity which help to

1

4
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Figure 1.4 Azobenzene trans-1 isomer, MV+2, and CB[8] complex and the light-driven reversible transition.

form stable host-guest complexes, with binding constants ranging up to 1010 M−1[33]
with cationic or electro-positive guest molecules[34–36].Cucurbit[8]uril (CB[8]) is the
largest member of the Cucurbit[n]uril family, and capable of encapsulating two different
guest molecules at the same time, an electron-deficient molecule (which serves as the
first guest) and an electron-rich molecule (as the second guest), inside the cavity to
form a stable 1 : 1 : 1 heteroternary complex. The complex formation is driven by the
hydrophobic effect and exhibits an enhanced charge-transfer (CT) interaction between
the guest pair inside the hydrophobic cavity of CB[8][37, 38]. A photo-responsive
complex can be formed between CB[8] and azobenzene photo-switches with methyl
viologen(MV+2)[39] as shown in Figure 1.4. The trans-1 ( azobenze), MV+2 together
with CB[8] leads to formation of 1 : 1 : 1 hetrotrinary complex (MV+2.trans−1)⊂CB[8]
spontaneously. The complex was irradiated with UV light to promote ‘trans’ to ‘cis’
isomerisation, and hence a new complex of (MV+2)⊂ CB[8] forms. Similarly, under
visible light the ‘cis’ to ‘trans’ isomerization leads to formation of the reverse complex.

1.2. MOLECULAR ELECTRONICS

The performance of electronic devices over the past half-century follows Moore’s law,
which resulted from the miniaturization of ‘top-down’ manufactured components.
The device manufacturers are interested in the development of more economical,
faster and smaller devices for next-generation computing technology. The ‘bottom-up’
fabrication of molecular electronic components, using single molecules (especially
organic molecules) would push the limit of miniaturization. The field of molecular
electronics started with one of the most fundamental questions: how do electrons
move through molecules? Understanding the movement of electrons through a single
molecule is central to the field of molecular electronics, but presents a significant
experimental and theoretical challenge. In single-molecule electronics, one of the most
popular transport measurements techniques is based on either the electrochemical
break junction[40, 41] or the mechanical break junction[42]. Both techniques produce
extensive data sets because measurements can be made rapidly, and therefore statistical
theoretical analysis on the basis of the information in histograms and the distributions
of data can be carried out, which allows mechanistic insight tunneling on the tunneling

1
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1. INTRODUCTION

of an electron in the junction.

1.2.1. LARGE AREA JUNCTION

Integration of single-molecule junctions[40] into a device is an almost impossible task
since stability and reproducibility are major issues. In order to measure molecular
charge transport through the molecule in a “metal // molecule // metal” device
architecture millions of molecules in between two electrodes can be used. First a
one molecular thick (equivalent to molecular length) film is formed on the electrode
surface, which can be metal or another conducting material. In 1971, Kuhn and Mann
reported conductivity measurements through monolayers of cadmium salts of fatty
acids[43]. The conductivity of these organic monolayers was exponentially decreasing
with thickness, a demonstration of electron tunneling through the organic monolayer.

Molecular monolayers on metal surface can also be obtained by self-assembly in
solution. Self-assembled monolayers (SAMs) were discovered in the early 1980s by
Nuzzo and Allara[44] and later popularized by Whitesides[45] and Chidsey[46]. When
the SAM is grown on a metal surface, another electrode on top of the molecular film
creates a junction where the distance between two electrodes is defined by molecular
length. Such junctions can easily be fabricated with cm2 areas and are hence referred to
as large area junctions.

A liquid metal contact is ideal as top electrode in such a large area junction because
it is relatively stable and does not damage the soft layer below. This technique effectively
solved problems that are encountered with the direct evaporation of metal top contacts,
where metal atom diffusion into the SAM is often encountered. Slowinskiet al., first[47]
introduced liquid metal electrodes in molecular junctions[48, 49] in the form of a clean
mercury (Hg) drop delivered with a microsyringe to mechanically contact a multilayer
molecular film. The principle used to form the Hg/SAM1//SAM2/Metal or Hg/SAM//Si,
where / symbolizes a covalent bond and // a Van-der-Waals interaction) is relatively
simple[49], as illustrated in Figure 1.5. It is a slow and laborious technique only
applicable for multilayers of molecules on metal electrodes.

1.2.2. EUTECTIC GALLIUM INDIUM (EGAIN) SOFT CONTACT

The toxic nature of Hg motivated the search for other liquid metals and in 2008 Chiechi
et al., [50] used a eutectic alloy of Ga and In (EGaIn) (75% In and 25% Ga by weight,
melting point= 15.5 ◦ C) as top electrode in a large area junction. At the ambient
conditions EGaIn, is a non-Newtonian fluid protected by a very thin skin of Ga2O3 (0.7
nm)[51]. This layer guarantees for shear-thinning, i.e. its viscosity decreases under shear
stress such that it can be molded into non-spherical shapes that allow for electrical
contact area down to the micrometer scale. The EGaIn junction can be defined as
EGaIn/Ga2O3//SAM/Au, where the SAM is connected to the Ga2O3 Van-der-Waal (//)
forces[52].

There is some major concern about the data accumulation and interpretation
to extract the J/V characteristics of a molecular tunneling junction. The molecular
monolayers or SAMs are not perfect systems as shown in Figure 1.5(b), and hence
these junctions have two classes of defects. First, the defects that preserve the basic
(AuTS-SAM//Ga2O3/EGaIn) structure, even while changing the tunneling distance, like

1
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(a)

(b)

Thiol molecules

10 min

= Thiol molecules 

Figure 1.5 How to measure electron transport through the large area molecular junction by using top
contact (a) Schematic representation of an EGaIn/Ga2O3//SAMs/Ag junction[51]Copyright © 2012 American
Chemical Society. b)Schematic representation of the formation of a Hg drop junction for thiol-molecules on a
hydrogen-terminated Si substrate[49]. Copyright © 2014 American Chemical Society.

domain boundaries, pinholes, disordered regions, and physisorbed contaminations
on the SAM. This type of defect follows the Simmons model[53, 54] because charge
is transported through the junction. The second type of defect is the defect due to
artifacts, such as the area in which the Ga2O3/EGaIn electrode penetrates the SAM, or
the impurities between the two electrodes. These artifacts not only change the tunneling
distance but also change the mechanism of charge transport, in other words they don’t
follow the Simmons model of charge transport through the junction. Reus et al., [55],
solved this problem by using statistical analysis. In their article, these authors used the
normally distributed log |J | (current density) histogram and statistically calculated the
population mean,µJ, and the standard deviation, µJ. There are two ways of estimating
µlog and σlog for a non-ideal distribution; first, taking the arithmetic mean and

1
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1. INTRODUCTION

slandered deviation of log |J |; or second, fitting the histogram of log |J | with a Gaussian
function[52, 55] - the mean value of the Gaussian peak gives µlog and the width of the
peak or fitting parameter is considered as standard deviation σlog . The first one is
sensitive to outliers and shorts, but insensitive to noise. The Gaussian method[52] is
not only taking into account the noise of measurement but also solving the problems of
outliers and shorts in the histogram.

1.2.3. MECHANISM OF CHARGE TRANSPORT
In the molecular electronics the electrodes are separated by molecules as discussed
earlier, and the size of the molecules is in the range of a few nanometers. At this quantum
scale the dominant mechanism of charge transport becomes tunneling. The organic
molecules are insulators or wide band gap semiconductors, and this is why molecular
electronics follows the Simmons model[53] for electrons tunneling through the barrier.
The derivation of Simmons model[53] relies on a few assumptions: (i) The barrier is
larger than the thermal energy and the probability of electron tunneling through an
arbitrary potential barrier can be described by the WKB approximation, named after
the scientists Wentzel,Kramersand Brillouin, and a method to approximate solutions
to a time-independent linear differential equation; (ii) the Drude-Sommerfield model
for free electron describes the electrons in the metal contacts. The tunneling current
‘J’ through a rectangular barrier of average height ‘φ’ and width ‘d’ at V<φ/e can be
described by following equation[53].

J = J0

((
φ− eV

2

)
e−Aα

√(
φ− eV

2

)
−

(
φ+ eV

2

)
e−Aα

√(
φ+ eV

2

))
(1.1)

where J0 = e/(2πħd 2) and A = 4πd
p

(2me )/ħ
me = electron mass, ħ= Plank constant, α= fit parameter, d = barrier thickness
The most useful for molecular electronics however, turned out to be an

approximation of Simmons model that describes how the tunneling current scales with
the tunneling distance:

J = J0e−βd (1.2)

Where J0, equals to the tunneling current density at d= 0, β is the tunneling decay
coefficient. The tunneling decay coefficient β, is a very well reproduced parameter and
its value for alkanethiols[55, 56] (≈ 0.75Å−1) is used as a benchmark for determining
whether the molecules dominate the transport in a given experimental setup[57].

1.3. THESIS OUTLINE
Aim of this research reported in this dissertation is to study the behaviour of molecular
switches on the gold surface. We examine the isomerization of these switches on the
surface and their performance as suitable switches in molecular tunnel junctions for
electron transport and other switches for the photo-switchable surface. This dissertation
is organised as follows:

In Chapter 2, we give detailed information about the experimental procedures
employed in this thesis. In this report we included all the steps involved in the sample

1
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1.3. THESIS OUTLINE

preparation necessary to obtained self-assembled monolayers (SAMs) of the switches on
gold surface. We also discuss in detail about the instrumental conditions for performing
X-ray photoelectron spectroscopy, for contact angle measurements and for determining
the current through a molecular tunneling junction.

Chapter 3 describes how the light-induced structural changes influence the
tunneling through the molecular junction made up by a pure spiropyran monolayer
on template stripped gold surface (AuTS) or by a mixed monolayer of spiropyran and
hexanethiol. The monolayers were investigated by X-ray photoelectron spectroscopy
(XPS) and conductivity measurements performed by using liquid metal (EGaIn) as top
contact. This chapter also puts forward a proposal for the mechanism of electron
tunneling trough the spiropyran in a molecular tunnel junction (MTJ).

Chapter 4 is devoted to a detailed study of the reversible chemical locking of
spiropyran switches bound to metallic surfaces to enable the encoding of nonvolatile
information. We show how to selectively trap spiropyran moieties in their the
merocyanine (MC) form by using a combination of exposure to acid and UV light.
A proof-of-concept device of 8 bit ASCII characters for encoding information on
the surface is described. Therein information is read by measuring the tunneling
charge–transport through the monolayer using eutectic Ga–In top-contacts, erased by
the base and rewritten.

Chapter 5 details the difference between physisorbed (non-covalently bounded S
atom to a gold surface) and covalently bound molecules in affecting the tunneling
conductance across the metal-molecule-metal junction. In this project α−lipoic, a
five-membered ring with a disulphide and its derivatives were employed for the analysis
of the tunneling coefficient (β). We also elucidate the role of the co-absorbant,
ethanethiol, in mixed SAMs.

Chapter 6 focusses on reversible surface polarity switching with a host- guest
complex on a gold surface. We report on the two step surface immobilization of a
supramolecular cucurbit[8]ril (CB[8] complex with a light-responsive thread, bearing
paraquat and azobenzene moieties, connected to surface anchoring group via a
tetraethylene glycol linker. Upon exposure to UV light, the paraquat moiety is expelled
from the cavitand but upon subsequent visible light irradiation the paraquat moiety
threads back into the cavitand. This dynamic behaviour leads to a reversible change
in water contact angle (20◦).

1
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2
EXPERIMENTAL TECHNIQUES

This chapter is devoted to the description of the experimental procedures used for
obtaining the data discussed in the thesis. The preparation of substrates and samples is
detailed, and the instrumental conditions employed in X-ray photoelectron spectroscopy,
and contact angle measurements are explained.
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2. EXPERIMENTAL TECHNIQUES

2.1. SAMPLE PREPARATION

All samples are prepared in a clean room environment; unless specified otherwise,
all commercially available chemicals were purchased from Sigma Aldrich and used as
received. The molecules studied in the experiments described in Chapters 3-6 of this
dissertation were synthesized by Prof. Ben Feringa’s group; in detail these are:

Chapters 3, and 4- 6−nitro BIPS spiropyran (SP) modified with disulfide terminated
aliphatic chains; the synthesis of this molecule is described in the supporting
information of Ref.[1].

Chapter 5- (4S,5S)−1,2−dithiane-4,5-diol or cyclic-DTT (cyclic-DTT ) was prepared
as described in Appendix (7.1); (±)α-lipoic acid ((R)−5−(1,2−Dithiolan−3−yl)pentanoic
acid (C0) was purchased from sigma-aldrich (97%) ; additionally three other molecules
with different R groups at the end of the carboxylic acid chain were synthesized as
described in apendix(7.2) ,namely CH3 (‘C1’), C5H11 (‘C5’) and C9H19 (‘C9’).

Chapter 6- cucubit[8]uril (CB[8]); a trityl-protected azobenzene thread (E-2)
comprising a paraquat moiety and the same connected with tetraethylene glycol to a
thiol anchoring group for surface modification; these molecules were synthesized as
described in appendix(7.3).

Au (100 nm)

Si(100)
Glass Optical 

glue

UVAu (111)/ mica

RMS=0.2 nmRMS=0.6 nm

Template striped gold surfaceGold on mica

PVD

Figure 2.1 Scheme for preparing gold films by vacuum evaporation. Right: preparation of a template stripped
gold (AuTS) substrate. left: preparation of Au (111)/mica.
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2.1. SAMPLE PREPARATION

2.1.1. SUBSTRATE PREPARATION

Template stripped gold surface (AuTS): As sketched in Figure 2.1, smooth gold surfaces
(AuTS) were prepared by template stripping of a gold film sublimed onto a passivated Si
wafer.[2] First, 100 nm of 99.99% Au (Schön̈e Edelmetaal B.V.) were sublimed onto the
clean Si(100) wafer (Prime wafers) at 300 K in a custom-built high-vacuum evaporator
(base pressure 10−7 mbar). 1cm × 1cm glass microscope slides (Knittel Glass) were
cleaned by a so-called Piranha solution, a 3 : 1 mixture of concentrated sulfuric acid
(H2SO4) with hydrogen peroxide (H2O2), thoroughly rinsed with MilliQ water, dried and
then glued (Norland Optical Adhesive 61) onto a freshly-prepared Au/Si surface. The
glass/Au/Si sandwich was cured under a UV lamp for 5 min. A smooth Au surface was
prepared immediately before use by mechanically separating the glass/Au structures
from the Si to expose the buried interface. The AFM image of a template stripped gold
surface shows roughness (Rr ms ) of ≈ 0.2nm, as shown in Figure 2.1.

Gold film on mica sheet: Au(111) samples were prepared by subliming Au (99.99%,)
(Schön̈e Edelmetaal B.V.) onto mica (Ted Pella) sheets in a custom-built high-vacuum
evaporator (base pressure 10−7 mbar). The freshly cleaved mica sheets were degassed at
640 K for 2 h. Then 100 nm of gold were deposited at a rate of 0.2 nm/s onto the mica
substrate kept at 640 K. The gold film was annealed at 640 K for 2 h and finally cooled
down to room temperature. The Figure 2.1 shows the AFM image of the Au(111) surface
with roughness (Rr ms ) of ≈ 0.6nm.

2.1.2. PREPARATION OF SELF-ASSEMBLED MONOLAYERS

Spiropyran monolayers: Self-assembled monolayers of spiropyran (SP ) were prepared
by immersing freshly cleaved AuTS surfaces (Figure 2.2) in 1×10−5 M or 1×10−4 M

ethanolic solutions of SP at room temperature in the dark. The incubation time was
12 h. The substrates were rinsed with ethanol three times, thoroughly dried with dry Ar
and immediately introduced into the measuring system. Switching to the open form
was accomplished by exposing the SAMs to UV light for 20 min using a 365 nm (central
wavelength) Spectroline spectrometer (ENB280C/FE) lamp.

Mixed monolayers (Figure 2.2) of hexanethiol[3] and SP: these mixed SAMs were
prepared by immersing a freshly template-stripped AuTS substrate in a 1×10−4 M

solution of SP in ethanol for 20 min and then in a 1×10−2 M solution of hexanethiol
in ethanol for 24 h. Monolayer preparation was carried out under an inert atmosphere
in degassed solvents in the dark and at room temperature. These monolayers were
preserved in Ar atmosphere in the dark. The properties of these SAMs are described
in Chapters 3 and 4.

Host-guest complex on surface (E-2⊂CB[8]): The surface functionalization of
Au/mica with E-2 (azobenzene thread) was performed in a glove box. The solution
of E-2 was prepared in anhydrous methanol (98%, Sigma Aldrich) with a few drops of
tetrahydrofuran (anhydrous, ≤ 99.9%, sigma Aldrich), and stirred for 20 min. All glass
vials were degassed to remove water before preparing the E-2 solution. The Au/mica
substrate was immersed in the solution for 8 h in the dark. Then the samples were
washed three times with methanol, dried in an Ar-atmosphere and sealed in a glass
vial. Afterwards, an over-saturated aqueous solution of CB[8]as prepared with degassed
deionized (DI) water (resistivity >18MΩ∗ cm) by 20 min of sonication. The Au/mica
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2. EXPERIMENTAL TECHNIQUES

SP (Pure) Monolayer

RT
(12h)

Au

RT
(min)

SP solution

S-Au bond 

Organisation 

SP mixed monolayer

RT
(24h)

Hexanethiol
solution

SPH Mixed 
monolayer

SP SP pure monolayer

SPH SP with hexanethiol
(mixed monolayer)

SP- Switches

Hexanethiol

Figure 2.2 Schematic representation of the SAM of spiropyran switches of, left panel; pure monolayer, right
panel;mixed monolayer technique.

substrate functionalized with a E-2 monolayer was immersed in the aqueous solution
of CB[8]nd the vial was subjected to rotatory motion at 100 rmp for 5 min. Afterwards
samples were washed with DI water, dried in an Ar-atmosphere and stored in an inert
atmosphere. In Chapter 6, we study this monolayer in detail.

LOCKING/UNLOCKING OF SPIROPYRANS BY ACID/BASE TREATMENT
For the studies described in Chapter 4, the pure SP SAMs and mixed SAMs of SP and
hexanethiol were treated with acid to lock the switches in MCH+ form; in detail an

2
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2.2. FABRICATION OF NON VOLATILE MEMORY DEVICES

ethanolic solution of trifluoromethanesulfonic (tifrlic) acid was prepared by adding
22µL of pure triflic acid (98 %,Sigma) in ≤ 2mL of degassed ethanol. The freshly
prepared SP(pure) and SP(mixed) monolayers were immersed in this solution of acid
in quartz tubes (transparent to 365 nm UV light) and these tubes were degassed and
sealed under inert atmosphere. Each quartz tube was exposed to 365 nm UV light
for20 min, whereafter the sample was washed three times with pure ethanol and dried
under Ar gas in the dark. The freshly prepared samples were exposed to white light for
12 h, immediately prior to recording X-ray photoelectron spectroscopy (XPS) data or JV
curves in order to confirm that the locking was successful. In order to unlock again
these SAMs, they were immersed in an ethanolic solution of an organic base, prepared
by adding 100µL of neat triethylamine (TEA, 99 %, Sigma Aldrich) to 3µL of degassed
anhydrous ethanol (99.5 %, Sigma Aldrich). SAMs were immersed in the TEA solution
under white light (no UV radiation) for 2 h, then washed with pure ethanol three times,
dried with Ar gas and transported to the appropriate measurement set up in the dark.

2.2. FABRICATION OF NON VOLATILE MEMORY DEVICES

DEVICE CONCEPT

In the following we describe a "soft punch card device" which can store information
photochemically. The working principles are mentioned in Chapter 4. The key concept
of "soft punch card device" shares intrinsic similarities with its analogue “punched
cards storing method” used in early computing solutions (as for the case of ENIAC,
the Electronic Numerical Integrator and Computer)[4]. The schematic of this device is
illustrated in Figure 2.3. In this design, a patterned gold electrode represents the storing
medium. It was prepared by using a shadowing mask during a thermal deposition
step, in order to obtain an array of 6 × 8 dots, where each represents an encodable
bit. The proof of concept device further consists of taking advantage of a similarly,
soft-lithographically-patterned PDMS slab to create complementary microcavities able
to control the exposure of the SAM to external conditions. In fact, those microcavities,
carefully aligned to each one of the gold dots (Figure 2.3 (c)), were designed in such a way
that the cylindrically shaped microvoid is able to entirely cover and seal the area above
the gold dots (bits). In this way, a chamber is created, able to host a small (µl range)
amount of acid and its vapours. Additionally, the microcavity plays an important role
in preventing the PDMS to get in contact with the SAM. In this way, contamination and
damages to the SAMs are avoided.

To encode a certain matrix of bits, prior to the alignment of the PDMS slab on
the glass piece hosting TS-Au, we mechanically punched holes in correspondence of
some of the PDMS-microcavities. In particular, if the corresponding bit was assigned
to a “1" (in the experiment corresponding to the open configuration, with high current
densities), then a hole was punched above the set microcavity (Figure 2.3 b). In this way,
analogously to the historical punched cards reference, we created a physically stable
medium encoding the desired text. This card could then be stored and reapplied for
multiple writing procedures.
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1 1 0

SAM/AuTSPDMS

(a)

(b)

(c)

Figure 2.3 a) Scheme of the gold array, patterned with shadow mask deposition. Each line corresponds to an
alphanumerical character (the binary code at the bottom corresponds to the character b (lowercase); b) Cross
section of the PDMS slab in correspondence of some microcavities. Holes are punched if a “1" bit is desired.
The acid and its vapours can then flow inside these cavities, changing the transport properties of the SAM; c)
photograph of microcavity alignment with gold dots.

FABRICATION-RELATED OPTIMIZATIONS

In the project detailed in chapter 4 we set out to make a “soft punch card device” To
achieve the working device, which will be discussed in detail in Chapter 4, multiple
optimizations and improvements to the initial concept design had to be adapted. When
trying to measure the transport properties of the SAM we noticed a high number of
non-contacts and shorts. The shorts were present due to the lack of proper control
of the amount of acid injected in the cavity (method shown in Figure 2.4 (a)), and
the consequent damage of the gold dots became clearly visible by optical microscopy
( Figure 2.4 (d)). Such damage can be ascribed to either the interaction of the acidic
solution with the PDMS, the epoxy glue or with some other contaminant present on the
surface. To solve this issue, we explored a different exposure method, shown in Figure 2.4
(b), where the acid droplet was deposited outside the punched hole, rather than injected
directly in the microcavity. In this way, capillarity automatically controlled the volume
of acidic solution that could enter each cavity, minimizing the internal pressure and
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2.2. FABRICATION OF NON VOLATILE MEMORY DEVICES

EtOH TFMS

a b

A

250 μm

c d

B C

Figure 2.4 a) Scheme of the in-cavity direct injection (in blue is depicted the acidic solution), b) Improved
exposure methodology, with external deposition of the acid drop. c) Au electrode depiction, with the letters by
the contacts’ positions to determine RAB and RAC ; d) Example of mechanically damaged region of the pattern,
resulting in electrical insulation between the two areas.

leading to higher yields (60%) of working junctions. Afterwards as we started to measure
samples prepared with the new fabrication method as mentioned above, the number
of shorts decreased substantially, while the no-contact conditions were still frequent.
We also noted that the no-contact conditions occurred for dots further away from the
bottom contact ( point ’A’ in Figure 2.4 (c) rectangle in the design).

The influence of the measurement position was investigated with an amperometer,
measuring the resistance of the substrate for different positions of the electrodes. The
dimensions of the Au pattern (A ≈ 10−6m2, L ≈ 3×10−2 m) the characteristics measured
in different areas of the sample could be affected by the resistance of the gold, i.e.
following from Ohm’s law, R = ρL/A. We measured the resistance between different
spots (A, B and C in Figure 2.4 (c), obtaining for RAB =28Ω and RAC RAC =58Ω . To
decrease this asymmetry and the influence of the positions of the contacts on the total
resistance of the circuit, we increased the number of contacts using a silver paste. The
modified procedure (using silver paste) also helped in contacting some areas of the
sample that were isolated from the main external contact due to microcracks generated
during the template stripping and device fabrication steps (Figure 2.4 (d)).

2.2.1. PATTERNED GOLD ELECTRODE

Au (99.99 % pure) was thermally deposited (at the rate of 0.5 Å s−1 to 2 Å s−1) onto a clean
technical grade 3.5" silicon wafer (ePAK) covered by an adhesive mask (Revealalpha,
Nitto Denko) designed with Clewin and fabricated using a laser cutter. Before template
stripping, the wafers supporting the patterned Au electrodes were passivated by
treatment with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma Aldrich) vapor for
30 min in a desiccator. For template stripping, glass substrates were cleaned with soap
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(Multi Purpose Detergent, Teepol), acetone and ethanol in an ultrasonic bath for 10 min.
The substrates were dried with a N2 gun and a droplet of UV adhesive (Norland Optical
Adhesive 61) was placed on the center of the glass substrate. They were then placed
adhesive-side-down on the patterned metal surfaces before the entire wafer was exposed
to UV light for 300 s (IntelliRay 600) to activate the adhesive.

2.2.2. PDMS PUNCHCARD FABRICATION

In order to fabricate microfluidic cavities, 3.5" silicon wafers(Prime wafers) were cleaned
with acetone and isopropanol (IPA) (Sigma Aldrich) and dried with N2. Afterwards, a
negative photo-resist (SU-8 50, MicroChem) was spin-coated (500 rpm, 45 s, 1000 rpm/s;
2000 rpm, 30 s, Karl Suss RC 8). Then, it was pre-baked (65 ◦C for 5 minutes, heating
rate 1 ◦C min−1; 95 ◦C for 15 min, heating rate 1 ◦C min−1) on a programmable hotplate.
The sample was then exposed to UV light (300 W lamp, MA 1006, SUSS Microtech) for
34 s, using a transparency mask designed with Clewin and purchased from JD Photo
Data. After post-exposure bake (65 ◦C for 1 min, heating rate 1 ◦C min−1; 95 ◦C for 5
min, heating rate 1 ◦C min−1) the samples were developed for 5 min using the SU-8
developer (mr-Dev 600, Micro Resist Technology). The soft-lithographically patterned
PDMS slabs were obtained by pouring a 10:1 ml solution of vinyl-terminated dimethyl
siloxane prepolymer:crosslinker (Sylgard 184) onto the master and baking it for 2 h at
65 ◦C to cure the PDMS.

2.2.3. READ/WRITE/LOCK/UNLOCK PROCEDURES

To selectively expose the film to the acidic environment (WRITE), holes were punched to
the microcavities corresponding to a “1" bit using a hole puncher (Harris UniCore I.D.
1.2 mm purchased from Sigma Aldrich). The PDMS block was then plasma activated
with a 5 min air plasma exposure (Harrick Plasma) and additionally cleaned with scotch
tape to remove any contamination from the surface and favor the optical glue-PDMS
interaction. The PDMS piece was then carefully aligned on the TS-substrate in order
to superimpose the microcavities to the gold circles. The device was then exposed for
30 min to UV light (ENB280C/FE, Spectroline Spectrometer). Using the microscope and
a bent, blunt, stainless steel syringe needle, a small amount (∼0.5µL) of the ethanolic
solution of trifluoromethanesulfonic (tifrlic) acid prepared as described above in 2.1.3
was applied to the top of the PDMS slap bearing punched holes. During this preparation
step, the sample was brought back to standard lab lighting conditions. The sample
was then exposed to UV light for additional 45 min. Once the UV exposure step was
concluded, the sample was taken out of the chamber and, in normal lighting conditions,
the PDMS slab was removed and the sample was measured, without further cleaning
procedures. For the basic exposure step (ERASE), the sample, treated with acid as
previously described, was immersed in a 10 : 1 ml ethanolic solution of triethylamine
(TEA) and exposed to white light for 30 min. Prior to the electrical characterization silver
paste (type 3830, Holland Shielding Systems BV) was applied, using a sharp needle,
in different areas of the periphery of the substrate to ground the entire patterned Au
electrode.
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Figure 2.5 Setup for EGaIn measurements in the group of the Stratingh Institute

2.3. CHARACTERIZATION TECHNIQUES

2.3.1. CONDUCTANCE MEASUREMENTS OF SAMS ON TEMPLATE-STRIPPED

AU SUBSTRATES

The EGaIn-setup illustrated in Figure 2.5 has a simple design. It consists of a
camera(Point Grey Flea) focused on the sample surface, a Z-axis micromanipulator
(Edmund optics) with a microsyringe (Hamilton 701N), and an XY- manipulator
(Edmund optics) as a sample holder. White light is used to either illuminate the sample
surface or the EGaIn tip during its formation. The bottom contact was formed by
pressing a metal clip. The J/V traces were collected using a standard EGaIn setup (Figure
2.5) placed inside a flow box[5] (N2 atmosphere of ¿5 % relative humidity and 1 % to
3 % O2) A crucial part is preparing the eutectic GaIn liquid tip. A 15µL microsyringe
was evacuated to prevent bubble formation (air trapped in EGaIn liquid) before loading
the liquid EGaIn slowly into the syringe. The needle of the syringe should be cleaned
properly before making EGaIn droplet. The microsyringe and hanging EGaIn drop were
moved in Z-direction with the help of a micromanipulator as to bring the drop in good
contact with the clean gold surface as illustrated in Figure 2.5. Then the syringe was
raised slowly such that the EGaIn is stretched between the syringe and drop stuck to the
surface (Figure 2.6), forming an hourglass shape. However, due to the shear-thinning
behaviour of EGaIn, the drop does not return to a spherical shape but forms a nice sharp
tip with a diameter of typically ranges from 500µm to several µm. Now this tip can be
lowered onto the SAM to form the EGaIn/Ga2O3//SAMs/Au junction and data collection
can take place soon after.

We used a homemade program written in LabView (National Instruments) to control
a subfemto amperometer (6430 SourceMeter, Keithley). Each measurement consisted
in reading out the current during five cycles starting and ending at 0 V and sweeping
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Figure 2.6 Fabrication of the top electrode, a eutectic GaIn (EGaIn) tip (photograph procured by Davide
Fracasso).

from 1.0 V to −1.0 V. To characterize the switching process in SAMs on AuTS substrates,
at least 20 junctions were measured across three substrates for each experiment. In the
experiments for reading bits in the whole-matrix device where a “soft punch card device”
was used (refer to Chapter 4 for further experimental details), the EGaIn electrode was
brought into contact with the appropriate region of the patterned substrate and raised
to 1.0 V for 5 s before recording the current. This procedure was performed only once
per bit the details were describe in Chapter 4.

2.3.2. X-RAY PHOTOELECTRON SPECTROSCOPY
X-ray photoelectron spectroscopy (XPS) is a powerful spectroscopic tool that provides
elemental information on the surface. The technique is also known as electron
spectroscopy for chemical analysis (ESCA) and was invented by Steinhardt and Siegbahn
in the early 1950s[6] but it was Siegbahn’s group’s breakthrough in resolution [7] that
motivated the Nobel Prize for this invention. XPS is based on the photoelectric effect,
discovered by Heinrich Hertz in 1887. The mathematical description of photoelectric
effect was provided by Albert Einstein in 1905. In XPS, the surface is irradiated by
monochromatic X-rays and the number of electrons escaping from the sample are
detected.

In principle, the photoelectron process involves three steps: (1) The absorption of
X-rays by the sample generates the photoelectron (photoionization); (2) the generated
photoelectron moves through the sample and suffers elastic and inelastic scattering; (3)
if the photoelectron reaches the surface with a kinetic energy larger than the surface
potential barrier (workfunction of the sample), it is emitted into the vacuum and reaches
the detector. The spectrum is the plot of the number of electrons measured for each
kinetic energy (E ′

K ). Electrons that have not suffered inelastic scattering will appear
as narrow lines in the spectrum, while those which have lost energy become part of
the background. The corresponding energy diagram is shown in Figure 2.7: the X-ray
photon with energy ħν is absorbed by a core electron with binding energy EB , resulting
a photoelectron with kinetic energy EK in vacuum, which enters the analyzer and is
counted at a kinetic energy E ′

K . The electron binding energy can therefore be calculated
by

EK =ħν−EB −φsp (2.1)

The binding energy EB is characteristic of the core level of the element, from which
the photoelectron was emitted and depends on the chemical environment, oxidation
state, spin state of the atom. When photoelectrons are emitted, the sample remains
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Figure 2.7 Schematic of energy levels involved in X-ray photoelectron spectroscopy when sample and
spectrometer are in electrical contact and hence their Fermi enrgy level diagram is aligned

positively charged and if its conductivity is not good enough, this charge cannot be
neutralized by connecting it to ground and the next photoelectrons, which are emitted
will be attracted by this positive charge as they fly towards the analyzer and therefore
have a lower kinetic energy (higher binding energy) than expected. To avoid this, a ’flood
gun’ providing low energy electrons is often employed when measuring non-conducting
samples to compensate the positive charge. Equation (2.1) is employed to plot an XPS
spectrum in its conventional fashion, i.e. giving the intensity of photoelectrons as a
function of binding energy EB . Its analysis gives the stoichiometry of the surface from
the intensity of photoemission signal at the binding energy of the specific elements
present. The only two element which cannot be detected are H and He because their
photoionization cross section is too small. For the projects described in this thesis
XPS was performed with a Surface Science SSX-100 ESCA instrument equipped with
a monochromatic Al Kα X-ray source (hν = 1486.6 eV) and the possibility to select
between different analysis spot sizes (µm): 150, 300, 600, 1000. Samples are introduced
via a load lock system into the spectrometer chamber, where the pressure was below
6×10−10mbar during data acquisition. The take-off angle of electrons with respect to
the surface normal was 37◦. The diameter of the analyzed area was 1000 µm, which
provided a total experimental energy resolution of 1.1 eV (or 1.67 eV for a broad survey
scan). XPS spectra were analyzed using the least-squares curve fitting program Winspec
developed at the University of Namur.

Deconvolution of the spectra included a Shirley baseline subtraction[8] and fitting
with a minimum number of peaks consistent with the structure of the molecules on
a surface, taking into account the experimental resolution. The profile of the peaks
was taken as a convolution of Gaussian and Lorentzian functions. Binding energies are
reported±0.1 eV and referenced to the Au 4 f7/2 photoemission peak originating from the
substrate, centered at a binding energy of 84 eV[9]. The uncertainty in the peak intensity
determination was 1 % to 2 % for carbon and sulfur, while it was 3 % for nitrogen. All
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measurements were carried out on freshly prepared samples; on each surface 5 points
were measured to check for reproducibility.

2.3.3. CONTACT ANGLE MEASUREMENT
The properties of surface can be expressed by the surface energy, i.e. the "energy
required to create a surface". This surface energy is determined from the shape of test
liquid droplets on the surface. When the liquid is placed on the solid surface, it assumes
a very specific droplet shape on the substrate, which not only depends on the surface
properties but also on the surface properties of liquid (the surface tension of the liquid).
This characteristic droplet shape is caused by unbalanced intermolecular forces, like
the van der Waals force and hydrogen bonding; the molecules on the surface are pulled
towards the liquid due to these forces, while intermolecular forces are not balanced by
forces that pull the molecules towards the gas. So the surface tension can be described
as the force per unit length along the interface. Another way to formulate the surface
tension is in terms of surface energy, namely as the free energy per unit area. In this way
the concept of surface tension can be extended to other interfaces, including those with
solids. At the triple line, the line where gas, liquid and solid are in contact, the effect of
the surface tension becomes clear. There will be a certain angle between the liquid and
the solid, known as the contact angle. The British scientist Thomas Young[10] derived
a relation between the surface energy at the interface of a liquid and a gas γLG (often
just called γ), the surface energy at the interface of a solid and a liquid γSL , the surface
energy at the interface of a solid and a gas γSG and the equilibrium contact angle θe . This
relation is known as Young’s equation[10]:

γSG −γSL = γcosθe (2.2)

The contact angle measurement set up used in the projects described in this
dissertation and shown in the photograph in Figure 2.8 is a homemade set up. It consists
of four different parts mounted on metal stage with screws to level the system, namely
a camera with a resolution of 640 × 480 and a zoom varying from 0.75X up to 3X is

Figure 2.8 Contact angle measurement set-up: 1) Camera 2) Translational stage for focusing the camera 3)
manipulator table 4) Back light of 5 W

2

26



2.3. CHARACTERIZATION TECHNIQUES

use for taking images of the droplet on desired spot; a translational stage for focusing
the camera; a sample stage on a manipulator table and a back light (LED) of 5 W. The
contact angle is measured by taking a b/w photograph of the profile of the drop against
the gray background. A homemade computer program (Angle Analyse ver. 1.0-USB2
by M. de Boer, Copyright University of Groningen) is used to fit the outline of the liquid
droplet on surface on the photograph and determine the contact angle at the solid-liquid
interface from that fitted outline.. A 300 W Xe-lamp (Newport 6258) Figure 2.9 was used
to illuminate the light-active samples with UV light. The IR part (< 800nm) of this lamp
spectrum was filtered out by a water-cooled IR filter (Newport 61945) and the visible
light (400-800 nm) was filtered out by Edmund filter (U-340 2”) so that only the part of
the spectrum from 290 nm to 390 nm remains. A condenser makes it possible to alter the
light intensity. The light is finally passed through a fiber bundle focus assembly (Newport
77776) before entering the optical fibre (Newport 77577) which guides it to illuminate the
desired area of sample surface.

Figure 2.9 UV lamp: 1) Housing of the 300 W Xe-lamp 2) Condenser 3) Water cooled IR-filter 4) Filter holder
with visible light filter 5) Fibre bundle focusing assembly 6) Optical fibre.
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3
SPIROPYRAN SWITCHES IN

MOLECULAR TUNNELING

JUNCTIONS

This chapter describes the photo-induced switching of conductance in tunneling junctions
comprising self-assembled monolayers of a spiropyran moiety using eutectic Ga-In top
contacts. The magnitude of switching of hexanethiol mixed-monolayers was higher than
that of pure spiropyran monolayers. The first switching event recovers 100 % of the initial
value of J and, in the mixed-monolayers, subsequent dampening is not the result of
degradation of the monolayer. The observation of increased conductivity is supported
by zero-bias DFT calculations showing a change in the localization of the density of
states near the Fermi level as well as by simulated transmission spectra revealing positive
resonances that broaden and shift towards the Fermi level in the open form.

This chapter is based on Sumit Kumar, Jochem T. van Herpt, Regis Y. N. Gengler, Ben L. Feringa, Petra
Rudolf, and Ryan C. Chiechi, "Maximizing Conductance Switching by Photoisomerization of Spiropyrans at
the Molecule-Electrode Interface in Tunneling Junctions with EGaIn Top Contacts using Mixed Monolayers",
J .Am.C hem.Soc.2016,138,38,12519−12526
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3. SPIROPYRAN SWITCHES IN MOLECULAR TUNNELING JUNCTIONS

3.1. INTRODUCTION

There are two complementary goals in the study of charge transport in molecular
junctions: understanding the underlying physical phenomena and extracting useful
functionality, i.e., constructing devices. Break-junctions, and other methods for
capturing single molecules between electrodes, are powerful tools for studying the
physics of tunneling transport,[1] but they are limited either to sampling molecules
from a population via the formation of transient junctions or proof-of-principle
studies on short-lived and low-yielding devices.[2] Bottom-up tools, in which the
smallest dimensions of a device are defined by the molecules in a junction,[3, 4]
are better suited for investigating functionality because they are long-lived (physically
stable) and yield a high number of working devices.[5–7] Eutectic Ga-In (EGaIn) has
proven to be a useful tool for investigating bottom-up junctions[8] to understand
structure-property relationships,[9–12, 12–17] to construct devices,[18] and to produce
useful functionality.[19, 20] However, thus far the functionality has been limited to
passive properties of molecules in a self-assembled monolayer (SAM). In this work,
we demonstrate control over the conductance of EGaIn/Ga2O3//SAM/AuTS junctions
with light (where “//” denotes an interface involving physisorptive bonds, “/” denotes
an interface involving chemisorptive bonds and AuTS refers to template-stripped[21]
Au.) Junctions comprising SAMs of a spiropyran moiety (SP) were irradiated with either
broadband visible (> 520 nm) or monochromatic UV (365 nm) light to convert SP
between the “open” merocyanine (SP-open) and “closed” spiropyran (SP-closed) forms
shown in Figure 3.1.

The photochemical switching of SP on Au surfaces has been investigated in detail;
it is robust and reversible.[22] Importantly, the electrochemical-induced switching
is well-characterized as an irreversible dimerization pathway that can compete with
reversible switching,[23] which allows us to exclude these phenomena as possible
sources of conductance switching using X-Ray photoelectron spectroscopy (XPS).

AuTS AuTS

365 nm

520 nm

Closed Open

GaIn/Ga2O3 GaIn/Ga2O3

15.4 Å 13.3 Å

N

O
O

S S

NO2

O

N O NO2

O
O

S S

Figure 3.1 A schematic of the SAMs of SP in EGaIn/Ga2O3//SAM/AuTS junctions in their open and closed
forms. The distances are from DFT minimized structures (the exact orientation with respect to the substrate is
not known). The thickness of SAMs of the closed (left) form estimated by XPS is 15.4±2 Å.
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Ring-opening of the spiropyran form (SP-closed) to the zwitterionic, merocyanine form
(SP-open) is typically accomplished by irradiation with UV light. This form will revert
back to SP spontaneously, but it is accelerated by irradiation with visible light.

Conductance switching, in which the conductance of molecules spanning two
electrodes is modulated by (photo)chemically converting molecules in-place, has
been shown, for example, using azobenzenes with Hg top-contacts,[24] diarylethanes
with PEDOT:PSS top-contacts,[25] dihydroazulenes using reduced graphene oxide
top-contacts,[26] azobenzenes covalently attached to graphene[27] and conjugated
oligomers covalently attached to carbon nanotubes.[28] Due to the lengths of the
molecules involved, transport in the latter two systems is probably not dominated
by tunneling, making them difficult to compare to our work. The other systems rely
either on a change in tunneling distance (i.e., the cis/trans isomerization of azobenzene
units) or a change in conjugation patterns (i.e., the rearrangement of bonds.) The
switching of SP induces a change in the conjugation pattern and the distribution of
charge, but causes a negligible change in tunneling distance (approximately 2 Å). The
long aliphatic chain is what sets SP apart; in the aforementioned systems, the π-system
is directly coupled to both electrodes, making them sensitive to small perturbations
in the π-framework. The electronic structure of SP is more similar to bipyridyl- and
ferrocene-terminated alkanethiols,[20, 29] in which the conjugated portion is confined
to the EGaIn interface and separated from the bottom electrode by a σ framework
constituting a large tunneling barrier. Thus, the effects of switching SP are confined
to the EGaIn interface (which is insensitive to a wide array of functional groups[30, 31])
and are, in the absence of a pronounced change in distance, expected to be either very
subtle or nonexistent; rigorous characterization of the switching process is particularly
important.

A common problem to virtually all molecular junctions is that characterization
is limited to the ex situ investigation of the chemical compounds, SAMs, and gaps;
interrogating molecules either in situ or post factum is hindered by the small dimensions
and quantities of compounds participating in transport. The rheological properties of
EGaIn[32] enable both the facile formation and disassembly of junctions, allowing the
interrogation of a SAM before and after both switching and applying a bias. This trait
is particularly important for the study of conductance switching because virtually all
switches (including SP) show fatigue after only a few switching cycles.[33] The reasons
for this fatigue can be ascribed to desorption [34], disorder [35], side-reactions [36], but
only by disassembling a junction and interrogating the SAM spectroscopically can we
experimentally rule out these specific effects.

3.2. RESULTS AND DISCUSSION

3.2.1. FORMATION OF SELF-ASSEMBLED MONOLAYERS

We initially based the conditions for the formation of SAMs of SP on previous studies
on roughened Au and Au-on-mica that used 10−4 M solutions in CH2Cl2.[22] However,
AuTS substrates do not tolerate CH2Cl2 because it swells the optical adhesive backing.
Fortunately SP is sufficiently soluble in EtOH to allow the formation of dense SAMs from
10−4 M solutions. Junctions comprising these SAMs were robust enough to produce
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current-density versus voltage (J/V ) data and to show conductance switching, however,
the XPS data revealed unbound or physisorbed sulfur, in addition to the desired covalent
Au-S species, indicating that not all of the disulfide (or thiolate) groups are attached to
the Au substrate. Thus, we formed SAMs from 10−5 M solutions, significantly reducing
the unbound/physisorbed sulfur signal and producing more robust junctions (i.e., fewer
shorts). Junctions comprising these SAMs were about a factor of 10 less conductive (at
0.5 V) than those formed from 10−4 M solutions, but the ratio of J between SP-open and
SP-closed was nearly identical. The area of the nitrogen 1s peak in the XPS data also
did not differ between the two SAMs, suggesting that the difference in J is unrelated
to the densities of the SAMs and may simply be a reflection of the better coupling
of covalently-bound sulfur, an interesting proposition given the insensitivity of EGaIn
junctions to the identity of anchoring groups.[31, 37, 38] The XPS and J/V data for SAMs
formed on AuTS at 10−4 M are shown in the Figure 3.2. Unless otherwise mentioned, all
data are for SAMs formed from 10−5 M solutions of SP-closed in EtOH.
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Figure 3.2 X-ray photoemission spectra of the N 1s (left) and S 2p (right) core level regions of a SAM formed
under different concentrations (10−5 M and 10−4 M) on AuTS. In the N 1s core level region (left) top curve
(black) only spiropyran contributions were observed, namely the indoline nitrogen contribution at 399.6 eV
and the nitro peak at 406.2 eV. After exposure to UV light a new component at 400.9 eV was observed (green
and blue) originating from the indoline part of the ring-opened merocyanine form in different concentrations
at 10−4 and 10−5 M (UV −10−4 and UV −10−5). The S 2p core level region (right) contains two doublets, one
with maximum at 161.8 eV, which is indicative of a chemisorbed species and one with a maximum at 163.6 eV,
which is characteristic of dimerized or physisorbed species.
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Figure 3.3 Current-density versus voltage plots of EGaIn/Ga2O3//SP/AuTS junctions in the open (green) and
closed (red) forms. Open and closed symbols correspond to SAMs formed from 10−4 and 10−5 M respectively.
Each data point is the peak of a Gaussian fit of log-normal plots of |J | for that voltage µlog . The error bars are

the standard deviation of the Gaussian fit σlog . The data for SAMs formed at 10−4 M were computed from 535

and 178 J/V traces for SP-closed and SP-open, respectively. The data for SAMs formed at 10−4 were computed
from 420 J/V traces for both SP-open and SP-closed.

3.2.2. CONDUCTANCE SWITCHING

Tunneling junctions formed by making contact to a large (compared to the size of a
molecule) area of a SAM, rely on statistical analyses to characterize effects because small
variations in the SAM (i.e., defects) have an exponential influence on the magnitude of
J , leading to data that are distributed log-normal.[11, 39] This approach is particularly
important for conductance switching in SAMs because the observable is often a change
in J that is comparable to the junction-to-junction variation[26] due to incomplete
photochemical conversion when confined to a surface.[25] There are systems that show
cooperative switching, which (partially) mitigates this problem, however, they are the
exception.[40] While cooperative switching can lead to changes in J of a factor of 25,[24]
from the quantitative analysis of XPS spectra, we estimate the percentage of switching
to SP-open from SAMs of SP-closed to be 38% and, therefore, expect smaller changes
irrespective of the mechanism. To measure the effect of photochemically switching SP
from the closed to open states on tunneling transport, we grew SAMs of SP-closed on
AuTS substrates and then measured the conductance through the SAMs by contacting
them in various locations with tips of EGaIn and sweeping the potential from −1.0 to 1.0
V to produce a histogram of log |J | for each value of V comprising data from at least 40
junctions across at least three substrates. We then irradiated each substrate with 365 nm
light for 30 min immediately before performing another conductance measurement.

It is known that the roughness of the electrode supporting a SAM can strongly
influence the J/V characteristics. [41, 42] Of particular relevance to SP is the sensitivity
of the packing of relatively bulky head-groups in alkane-based SAMs.[16] The driving
force to form a complete thiolate monolayer competes with favorable packing of the
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Figure 3.4 Switching ratio (black line) and intensity of N 1s photoemission peak at 399.6 eV corresponding
to the indoline N (blue line) versus immersion time of SAMs of pure SP in solutions of hexanethiol. Longer
immersion times increase the fraction of hexanethiolate in, SP-mixed, the mixed monolayers of SP and
hexnaethiolate, as can be seen by the decreasing intensity of the indoline N signal. The switching ratio goes
through a maximum at 24 hours, which is the time used to prepare the SP-mixed SAMs shown in the main text.

spiropyran moieties, leading to over-crowding of the latter and incomplete coverage of
the former. This steric congestion then inhibits ring-opening in the densely-packed
regions of the SAMs; on roughened Au beads there is sufficient disorder to affect
complete switching in one direction, but apparently not the reverse.[22] To test this
hypothesis we prepared mixed-SAMs (SP-mixed) by incubating SAMs of SP in a solution
of hexanethiol for 24 hours, at which the magnitude of switching goes through a
maximum (Figure 3.4).

The switching of SP between the closed and open forms has been shown to
be reversible for at least six cycles following a “burn-in” after the first exposure
to 365 nm light by integrating the area under Raman bands associated with those
forms.[22] Those SAMs were formed from CH2Cl2 at 10−4 M on roughened Au, which
is not compatible with conductance measurements (and surface-enhanced Raman
spectroscopy is incompatible with AuTS). While subtle differences in packing may affect
the reversibility of the switching process on AuTS substrates, we used SAMs formed
formed from ethanol at 10−4 M to recreate those conditions as closely as experimentally
possible. We measured J at 0.8 V for SP-closed from which we calculated ∆ log |J | as
the SAM was cycled between the open and closed forms by subsequent exposure to
365 and > 520 nm light. These data are shown in Figure 3.5 (black squares.) For the
first open-closed cycle, ∆ log |J | ≈ 0.8 recovers completely, but the overall conductance
decreases and then rapidly dampens; by the second open-closed cycle ∆ log |J | ≈ 0.2.
Nonetheless, the conductance switching is demonstrably reversible. The switching of
SP-mixed (Figure 3.5, blue circles) shows considerably less fatigue. While the values of
∆ log |J | for SP and SP-mixed overlap exactly in the closed form, the values for SP-mixed
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Figure 3.5 A plots of∆ log |J | at 0.8 V for SAMs of SP (black squares) and SP-mixed (blue circles) on AuTS as they
are switched between the open and closed forms by irradiation with 365 and > 520 nm light, respectively. The
lines are to guide the eyes. The differences in log |J | are compared to the initial measurements of SP-closed,
thus the negative value reflects a downward trend in conductivity of both SP and SP-mixed after the first cycle
in addition to the gradual loss of the conductance switching effect (i.e., fatigue.)

in the open form are considerably higher and show less fatigue. This result implies that
synthetic modifications, e.g., that affect the packing of the chromophore and junction
optimizations, e.g., changing the contacts,[43] may extend switching past five-to-seven
cycles.

To gain some insight into the differences in fatigue between SP and SP-mixed, we
obtained XPS spectra of SP-closed for both before and after repeated switching (i.e., the
first and last data points of Figure 3.5.) These data are summarized in Figure 3.6. The two
main peaks in the N 1s core-level region (Figures 3.6A and C) originate from the indoline
nitrogen (at a binding energy of 399.6 eV) and the NO2 group (405.9 eV to 406.1 eV.) The
area under this peak is about 30 % smaller for SP-mixed compared to SP. After irradiation
of SP-closed with 365 nm light for 20 min, a new N+ component appears at 408.0 eV
(SP-mixed) or 401.1 eV (SP) corresponding to the merocyanine moiety in SP-open.[23]
The absence of this peak in Figure 3.6A confirms a lack of merocyanine in the SAMs of
SP before switching. After the switching cycles, however, this peak is prominent in SP,
but comprises only 5 % of the spectrum of SP-mixed, indicating an incomplete return
to SP-closed for the pure SAMs. Figures 3.6B and D show the S 2p core-level region
of the X-ray photoemission spectra (XPS). The doublet peaked at 161.8 eV corresponds
to chemisorbed SP (bound to the substrate through Au-S bonds).[44] The additional
doublet peaked at 163.6 eV that is present only in the pure SAMs of SP corresponds
to dimerized or physisorbed thiol,[45] indicating that not all of the SP molecules are
attached to the substrate covalently. Thus, the hexanethiol was able to penetrate the
SAM of SP and fill vacancies by displacing (presumably) weakly-bound molecules,
resulting in the exclusive formation of S-Au bonds and a complete return to SP-closed
after the switching cycles.
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Figure 3.6 X-ray photoemission spectra of pristine SAMs of SP-closed and mixed monolayers of SP-closed
and hexanethiol (SP-mixed) before and after cycling between the open and closed forms. A and B show the
spectra of SP-closed before cycling. A: The N 1s core-level region showing no change to the nitrogen signals
corresponding to the spiropyran moieties between SP and SP-mixed. B: The S 2p core-level region showing a
single S-Au species in the mixed monolayer SP-mixed. C and D show the same spectra after the switching
cycles shown in Figure 3.5. C: The spectrum of the pure SAM SP shows the appearance of an additional
component in the N 1s core-level region at 401.1 eV that is absent in SP-mixed. D: The S 2p core-level region
of SP shows an additional doublet peaked at 167.1 eV; the spectrum of SP-mixed is unchanged from the initial
spectrum shown in the top of panel B.

The most significant difference between SP and SP-mixed after the switching cycles
is the appearance of a new N 1s component at 398.5 eV in SP, which we ascribe to
CNH2.[46] While the other peaks—unbound thiols and residual N+—can be attributed
to structural differences in the SAMs, this peak is evidence of an unexpected side
reaction causing an irreversible chemical change. The appearance of a new, more stable
nitrogen species indicates that the dampening of SP in Figure 3.5 is at least partially due
to damage to the SAMs of SP that is not present in SP-mixed (i.e., the component at
398.5 eV is absent in SP-mixed.) The S 2p core-level region shows a peak at 167.1 eV for
SP after the switching cycles (Figure3.6D) corresponding to oxidized sulfur species that
are completely absent in SP-mixed. Based on the XPS and conductivity data from cycling
the switches, we suggest the following mechanism: the relatively large head-groups of
the SP molecules lead to disordered SAMs containing a significant fraction of defects.
When immersed in a solution of hexanethiol, weakly-bound SP molecules at these
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Figure 3.7 Current-density versus voltage plots of EGaIn/Ga2O3//SP/AuTS junctions in the open (green) and
closed (red) forms. Top panel: data from pristine SAMs (SP). Bottom panel: data from mixed monolayers of
hexanethiol and SP (SP-mixed). Each data point is the peak of a Gaussian fit of log-normal plots of |J | for that
voltage. The error bars are the standard deviation of the Gaussian fit.

defect sites are readily displaced, followed by a retarded, steady replacement of SP by
hexanethiolate. Approximately 10 hours after the retarded replacement begins, a SAM
(SP-mixed) has formed for which the switching ratio of J goes through a maximum
(Figure 3.4). This maximum corresponds to a SAM in which the bulky head-groups are
optimally packed, such that they are not sterically hindered, not in proximity of the metal
substrate and are separated by densely-packed regions of hexanethiolate, preventing
side-reactions and maximizing the return to the closed form after each switching cycle.

Optically switching SAMs of SP-mixed does not induce any (experimentally
resolvable) side reactions, but there is a well characterized electrochemical dimerization
pathway for SP. [23][47] To show that J/V cycling with EGaIn does not induce that or
any other irreversible processes, we acquired XPS data for the N 1s core-level of SAMs
of SP before and after five sweeps at ±1.0 V (Figure 3.8). This measurement is possible
because the average area of the junctions formed by EGaIn (tens of microns in diameter)
is on the same order as the spot-size of the XPS instrument. Thus, we marked a region
of the SAM, acquired an XPS spectrum, formed a junction, swept the voltage and then
acquired another XPS spectrum post factum. We found no change (the XPS data look
identical to Figure 3.8) before and after the J/V sweeps. We observed no significant
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3. SPIROPYRAN SWITCHES IN MOLECULAR TUNNELING JUNCTIONS

changes in the S 2p core-levels; the area of the doublet peaked at 163.6 eV changes
by at most 1 %. This result indicates both that the J/V sweeps alone do not trigger
the electrochemical dimerization pathway and that the XPS does not damage the SAMs
sufficiently to induce shorts. Thus, the switching between low/high conductance states
and any changes present by XPS after cycling the switches can be ascribed entirely to the
photochemical switching process.

Figure 3.8 X-ray photoemission spectra of of the N 1s (a) and S 2p (b) core level regions of SAMs of SP on AuTS

formed from 10−4 M ethanol solutions before (1) and after (2) J/V measurements with EGaIn top contacts.
These spectra are both for SP-closed before any exposure to UV light. The N 1s spectra are identical before
and after the J/V sweeps, indicating that no electrochemically-induced dimerization takes place. The change
in the area of the S 2p peaks is within error; the spectra otherwise indicate no change to the Au-S anchoring
groups. Taken together, these data show that J/V sweeps (at least up to ±1.0 V) have no measurable impact on
the structure or composition of the SAMs.

Table 3.1: Comparison of switching ratios of SP

SAM %N+ %NSP Rel. %N+ Rel. %NSP
N+
NSP

Jopen

Jclosed

a

SP-mixed 28±3 22±6 56 44 1.27±0.35 34.5
SP 22±4 36±6 38 62 0.61±0.14 7.4
SP-Ref. 22 19 32 37 n/d 0.59b n/a
a from the data in Figure 3.7 at 1 V
b calculated by us from the data in Ref. 22

We measured J/V curves for SAMs of SP-mixed-closed and SP-mixed-open under
identical conditions as those used to acquire the J/V data in Figure 3.5. These curves
are shown in Figure 3.7, revealing both lower values of J for SP-closed and higher values
for SP-open. The magnitude of J at 1.0 V in SAMs of SP increased from 10−3.1 A cm−2

in the closed form to 10−2.2 A cm−2 in the open form, a ratio of J of approximately 8.
The magnitude of J at 1.0 V in SAMs of SP-mixed increased from 10−3.4 A cm−2 in the
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Figure 3.9 Conductance heatmap plots of mixed monolayers of SP and hexanethiolate, SP-mixed, in the

open and closed form binned to log| d J
dV | (conductance, Y-axis) versus potential (in V, X-axis). The colors

correspond to the frequencies of the histograms; lighter colors indicate higher frequencies. The uniform,
positive curvature of these plots is an indication that the mechanism of charge transport is non-resonant
tunneling and that is not mediated by defects or other artifacts.

closed form to 10−1.8 A cm−2 in the open form, a ratio of J of approximately 35. Together
with the XPS data, these results support the hypothesis that the mixed SAM allows both
for a more densely packed SAM containing the less conductive SP-closed form and for a
more favorable packing of the spiropyran groups, leading to a higher degree of switching
(to the more conductive SP-open). These data are summarized in Table 3.1. It is also
possible that there is sufficient disorder in the SAMs of pure SP that some SP molecules
are lying flat or folded (with unbound disulfides or physisorbed sulfur species); in either
case, the mixed SAMs perform better than the pure SAMs.

3.2.3. MECHANISM OF SWITCHING

With the phenomenon of conductance switching unambiguously established, the key
question is the mechanism by which the (partial) conversion of a spiropyran moiety to
its merocyanine form affects J . Molecules of SP are anchored to the surface through two
thiolates attached to an ethyl octanoate linker; i.e., the equivalent of a nine-carbon alkyl
chain (Figure 3.1), thus, the entirety of the photochemical transformation is confined to
a ∼ 3 Å layer at the EGaIn/Ga2O3 interface—roughly 20% of the total thickness of the
monolayer. Combined with the fact that only ∼ 38% of SP-closed actually switches to
SP-open in the pure SAM, an observable change in conductance, let alone an increase
by factor of 35 in SP-mixed is remarkable and suggests a strong effect at the molecular
level. Ideally, we would establish the mechanism of charge-transport as non-resonant
tunneling by variable-temperature measurements, but obtaining reliable results from
light-sensitive mixed-monolayers is presently unfeasible experimentally. However, the
room temperature data are perfectly symmetric and differential conductance plots
(Figure 3.9) are smooth and U-shaped, both of which strongly suggest non-resonant
tunneling. Hopping processes arising from strong coupling to localized π-states and
defects cause asymmetry[48] and negative curvature,[49] respectively.

The most obvious source of conductance switching in SP is a change in tunneling
distance, i.e., a change in thickness of the SAM in the open and closed forms. We
determined the thickness of SAMs of SP-closed to be 15.4±2 Å by XPS,[50–52] however,
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3. SPIROPYRAN SWITCHES IN MOLECULAR TUNNELING JUNCTIONS

the thickness of the SAM after switching to SP-open cannot be determined because
the XPS signal is averaged over the spot-size and only a fraction of the molecules
in the SAM switch, which would give an average height of SP-open and SP-closed.
Since tunneling currents are dominated by the most conductive element of the mixed
SAM,[11] the relevant value is the end-to-end length of SP-open. Thus, we turned
to DFT calculations to help understand the changes in geometry that are associated
with switching. The thicknesses shown in Figure 3.1 correspond to distances in the
DFT optimized structures. The only geometry that corresponds to the XPS thickness
of SP-closed is the one depicted (with the spiropyran moiety more-or-less parallel to the
substrate) with a height of 15.4 Å, it agrees perfectly. That distance in the optimized
geometry of SP-open is 13.3 Å, corresponding to a decrease in thickness of 2Å upon
switching with light. Any change in orientation, for example, if the merocyanine moiety
rotates away from parallel, yields an increase in thickness, which would predict a lower
conductance for SP-open. If we assume that the effect is entirely distance-dependent,
we can estimate the maximum expected change in J from the Simmons equation; J =
J0e−βd , where J0 = 103.4 A cm−2 and β = 0.75 Å for alkanes.[14] This estimate predicts
a ratio of J of 2.0, a factor of 17.5 lower than the (maximum) experimentally observed
value. For this estimate to agree with that observation, β would have to increase,
meaning that SAMs of SP have a higher tunneling decay coefficient (β) than alkanes,
which is incredibly unlikely given that β ≈ 0.2 Å for π-conjugated systems.[53] It is,
therefore, highly unlikely that the slight decrease in the tunneling distance is responsible
for the observed increase in J in SP-open as compared to SP-closed.

Table 3.2: Comparison of energies of HOMOs, shifts in work function, and Vtr ans of SP.

SP SAM HOMOa (eV) ∆Φb (eV) V +
tr ans (V) V −

tr ans (V) µ⊥ (D)
Closed −5.20 1.0±0.1 0.29±0.04 −0.24±0.05 8.60
Open −5.31 1.0±0.1 0.25±0.03 −0.23±0.04 8.85

a Gas-phase B3LYP/TZV(2d/sp) with alkyl tails removed.
b Measured by UPS.

Another possible mechanism of conductance switching is the change in the dipole
moment perpendicular to the substrate, µ⊥. The collective action of µ⊥ in a SAM shifts
the electrostatic energy (vacuum level), changing the effective work function Φ of the
AuTS electrode regardless of its position relative to the electrode.[54] When sufficiently
close to a semiconductor interface, these dipole moments can also induce the formation
of charge carriers, modulating conductivity.[55] This mechanism is unlikely because,
although bulk Ga2O3 is a semiconductor, it is sufficiently thin (0.7 nm) that charges
can tunnel directly to the bulk Ga-In.[56] While the effect on conductance is difficult to
separate from other changes (e.g., in the orbital structure), such changes in µ⊥ correlate
to changes in Vtr ans (the minimum of plots of ln [J V −2] v s. V −1.)[12, 57] Thus, by
comparing Vtr ans in SP-open and SP-closed, we can at least determine if the transport
properties are sensitive to the difference inµ⊥. Table 3.2 summarizes the DFT-calculated
HOMO energies, Vtr ans the shift in Φ with respect to bare AuTS (∆Φ) as determined
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from the secondary electron emission cutoff in Ultraviolet photoelectron spectroscopy
(UPS) data and µ⊥. Surprisingly, despite the formation of a zwitterion, µ⊥ changes
by only 0.25 D. In theory that will induce a shift in Vtr ans of the same magnitude as
the commensurate shift in vacuum level, but in practice the value is influenced by the
offset of the Fermi level of Au and the energy of the HOMO of SP.[58] The data are
consistent; ∆∆Φ ≈ ∆Vtr ans ≈ 0. There is almost no difference in Φ before and after
switching. Although there is a shift in V +

tr ans ≈ 0.3 eV (and a calculated shift in the HOMO
of approximately 0.1 eV) the values are within one standard deviation and there is no
change to V −

tr ans (Figure 3.10). We can conclude only that the change in µ⊥ has either
little or no effect on Vtr ans and, therefore, likely no effect on J .

The changes in tunneling distance and µ⊥ are probably too subtle to explain
the relatively large change in log |J | that accompanies switching between SP-open
and SP-closed. The last parameter likely to have an influence on conductance
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Figure 3.10 Histograms of Vtr ans at positive (top) and negative (bottom) bias for EGaIn/Ga2O3//SAM/AuTS

junctions comprising SAMs of SP in the open (green) and closed (red) forms. The solid lines are Gaussian fits
of the histograms. The p-values for Vtr ans are 0.03 and 0.12 for the top and bottom plots, respectively; i.e.,
there is no difference at the 99% confidence level.
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Figure 3.11 A: A schematic of a model junction comprising the optimized geometry of the SP fragment that
would be in contact with the EGaIn electrode and the distribution of the DOS derived from the vacuum HOMO
of SP-open (left) and SP-closed (right). The two nitrogen atoms in each isomer are indicated with arrows for
clarity. The DOS is localized on the electrode for SP-closed, but spans the entire junction for SP-open. B:
Simulated transmission curves of the model junctions at zero bias with Ef set to −4.5 eV. The x-axis is the
energy offset of the molecular states with respect to Ef and is not related to the experimental applied bias. The
shift in electron density is reflected in these curves, which show resonances shifting closer to the center of the
bias window. This effect is particularly evident around 1.0 eV, where a broad resonance appears for SP-open.

is the distribution and relative energies of the density of states (DOS) near the
energy of the Fermi level, Ef. Figure 3.11A is a schematic of a model junction
comprising the spiropyran and merocyanine portions of single molecules of SP
including DFT-minimized geometries and the spatial distribution of the DOS derived
from the vacuum HOMO. The alkyl anchors were truncated to two Carbon atoms
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to simulate the isolation of the spiropyran moiety from the thiol without having to
minimize the entire alkyl chain. The DOS that is localized to the bottom electrode
(i.e., the S-Au contact) in SP-closed delocalizes across the molecule in SP-open. While
there are deeper orbitals in SP-closed that do span the electrode, transport is dominated
by the orbitals nearest in energy to Ef. A similar situation occurring very near
resonance manifests as rectification[59, 60] rather than∆J , but the principle is the same;
delocalized states near E f affect the rate of tunneling.

These calculations are not models of an EGaIn junction, which would have to
include the (unknown) details of the SAM//Ga2O3 interface, the packing of SP (and
SP-mixed) on AuTS and the broadening and electrostatic effects of the SAM on the
level alignment. Rather, they are model junctions showing the zero-bias transmission
spectra of single molecules between clusters of Au meant to examine electronic effects
intrinsic to the structure of SP-open and SP-closed; it is reasonable to assume these
effects would manifest in the commensurate AuTS/SAM//EGaIn junction. A qualitative
description of the switching mechanism based on these electronic effects can be thought
of as a molecular analog of a mercury switch; in the open form, the p-nitrophenol
moiety rotates, becoming coplanar with the indoline moiety and molecular orbitals
spread (like mercury flowing in a switch) to the electrode interface, ‘closing the
contact’ and increasing the total conductance. The plot in Figure 3.11B is a more
quantitative description, showing simulated zero-bias transmission curves for SP-open
and SP-closed. We set E f to −4.5 eV, which is approximately the average of Ga, In and
Au. (This choice is somewhat arbitrary as the plots would not change if referenced
to the vacuum level since both junctions have the same molecular formula.) As is
depicted in Figure 3.11A, we approximate the electrodes with 9- or 10-atom clusters
of Au. These curves show the qualitative description of the switching effect in detail;
SP-closed shows two sharp resonances more than 1.5 eV above/below Ef. In SP-open,
these peaks broaden and shift closer to E f —and into the bias window—particularly
above Ef where a broad resonance dips below 1.0 eV. Given the non-covalent EGaIn/SP
interface and the long alkyl spacer at the Au electrode it is reasonable to assume[61] that,
regardless of the true value of Ef, the Fermi level lies in the frontier orbital gap of SP and
the transmission calculation predicts that one or both frontier orbitals will shift towards
it and broaden. Thus, SP-open will likely exhibit higher values of J than SP-closed under
bias. While we cannot know for certain what effect an applied bias will have on the
transmission features in a real EGaIn junction, the movement of the resonant peaks
closer to Ef and within the range of applied bias supports the experimental observation
that SP-open is more conductive than SP-closed. We used a similar analysis to describe
a photo-gating effect by considering the effective change in distance when DOS appears
on a chromophore attached to an alkyl tail under irradiation.[43]

3.3. CONCLUSIONS
In this chapter, we have demonstrated conductance switching based on the photo-
isomerization of spiropyran moieties supported by long alkyl chains that is not
accompanied by an appreciable change in distance. We observed an increase in the
magnitude of conductance-switching from a factor of 8 in pristine SAMs to 35 in mixed
SAMs, accompanied by a decrease in fatigue with repeated switching. We ascribe
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the superior performance of the mixed SAMs to optimized packing of the spiropyrans
at the electrode interface. The direction of switching–i.e., that SP-open is the more
conductive form–is supported by DFT calculations showing that the DOS is localized on
the AuTS electrode in the closed form, but that it delocalizes in the open form. Simulated
transmission spectra confirm that this delocalization shifts positive resonances closer to
E f and broadens them, leading to higher conductivity.

An important consideration concerning phenomena in molecular electronics that
are ostensibly targeted at (not very near) future applications is that the observations take
place in static devices that do not damage the molecules under investigation. In this
study, the first switching event is completely reversible, followed by a dampening that is
not the result of electrochemical degradation. The fact that cycling EGaIn junctions does
not (substantially) damage the SAMs leaves open the possibility of further optimization.
These results also provide additional evidence that simulated transmission curves on
single-molecules placed between clusters of Au are useful models for experimentally
observed trends in large-area junctions such as those formed with EGaIn.[9]
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4
CHEMICAL LOCKING IN

MOLECULAR TUNNELING

JUNCTIONS ENABLES

NON-VOLATILE MEMORY

This chapter describes the reversible chemical locking of sypiropyran switches bound
to metallic surfaces to enable the encoding of non-volatile information. Data are
encoded spatially by selectively locking the spiropyran moieties in their merocyanine
form using a combination of exposure to acid and UV light. Without exposure to acid,
the merocyanine form spontaneously converts back to the spiropyran form. Bits are
resolved by defining the regions of the monolayer that are exposed to acid, using a “soft
punchcard” fabricated from a silicone elastomer. Information is read by measuring the
tunneling charge-transport through the monolayer using eutectic Ga-In top-contacts. We
also show the proof-of-concept devices in which an 8-bit ASCII encoded six-character
string is written, erased and re-written.

This chapter is based on Sumit Kumar, Michele Merelli, Wojciech Danowski, Petra Rudolf, Ben L. Feringa, and
Ryan C. Chiechi. "Chemical Locking in Molecular Tunneling Junctions Enables Non-volatile Memory with
Large On-Off Ratios", Ad vanced M ater i al s,31,15,1807831
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4. CHEMICAL LOCKING IN MOLECULAR TUNNELING JUNCTIONS ENABLES

NON-VOLATILE MEMORY

4.1. INTRODUCTION

Molecular switches couple chemical, optical and electrical control to the transport
and physicochemical properties of molecular systems and devices.[1, 2] Their
implementation in logic[3] and memory[4, 5] devices has long been a driving force
for research, from shrinking integrated circuits[6] to encoding bits in individual
molecules.[7, 8] At the length-scale of single-molecules, the dominant mechanism
of charge-transport is tunneling and bits are defined by two (or more) different
conductance states.[9] These states arise either through varying the tunneling distance
by a conformational change or a modification of the transmission probability when
the electronic structure of the switch is altered. However, molecular switches present
a thermodynamic challenge when it comes to non-volatile memory because they will
always thermalize back to the ground-state at a rate proportional to the activation barrier
separating the states of the switch. In single-molecule switches, this limit manifests as
rapid, stochastic switching.[10] In ensemble devices, the net change in conductance is
proportional to the population of switches in the high-conductance state,[11] which can
depend on quantum yields and molar excitation coefficients and which decays at a rate
that increases with temperature.[12, 13]

Spiropyrans are a class of molecular switches that ring-open to a zwitterionic
merocyanine (MC) upon irradiation with light and ring-close back to the spiropyran (SP)
form either thermally or by irradiation with bathochromic light.[14] While the SP
MC
interconversion is subject to the same thermodynamic constraints discussed above, it
can be “locked” in the MC form by exposure to acid, forming MCH+.[15–17] There is
a lot of structural diversity in spiropyran switches and some derivatives may not form
merocyanines that are sufficiently stable in their protonated forms to lock, instead
behaving like photoacids that ring-close and release a proton upon irradiation.[18–
20] It is an open question how spiropyrans respond to acid when assembled on
surface—whether they lock or behave as photoacids. We previously demonstrated that
the light-driven switching behavior is preserved in mixed monolayers, which show
reversible conductance-switching in tunneling junctions upon exposure to light.[21]
Here, we extend the concept of locking and unlocking the SP
MC interconversion
to mixed monolayers to read, write and erase bits defined by the differences in
conductance between SP and MC that arise from their transmission probabilities. This
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Figure 4.1 The SP form (left) represents a 0. Upon exposure to UV light (WRITE), the equilibrium shifts to the
MC form, which is locked in place by exposure to acid to encode a 1. Subsequent exposure to base unlocks the
MC form, allowing the bit to be erased by exposure to visible light (ERASE).
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concept is shown schematically in Figure 4.1. The SP
MC interconversion is shifted
to MC by exposure to UV light (WRITE) and locked (LOCK) in the MC form by exposure
to acid, encoding a 1. Exposure to base unlocks (UNLOCK) the conformation such that
subsequent exposure to visible light (ERASE) shifts it back to the SP form, encoding
a 0. Working with a mixed monolayer is critical, as it alleviates steric hindrance
during self-assembly, allowing for well-ordered SAMs in which the chromophores[22]
are physically isolated, thus preventing irreversible side-reactions[23] and imparting
reversibility.[21]

4.2. RESULTS AND DISCUSSION

4.2.1. X-RAY PHOTOELECTRON SPECTROSCOPY

X-ray Photoelectron spectroscopy (XPS) allows the examination of the monolayers
before and after switching and (un)locking to determine if SP or MC undergo
side-reactions and/or if the monolayer is damaged. Specifically, the N 1s spectrum and
core level region tracks the SP
MC interconversion, while the S 2p core level region
reflects the quality of the monolayer.[21, 24–26] It is not possible to observe pure MC
by XPS because switching is never 100 % efficient and it thermalizes back to SP during
sample preparation, however, a small peak of N+ in the N 1s spectrum [21, 24, 27] is
indicative of the presence of MC in the monolayer.

Locking in the MCH+ form requires an acid strong enough to protonate MC, but the
acid dissociation constant (pKa) does not readily translate to surface-chemistry and an
ethanolic solution of triflic acid (TFA) is required to form MCH+ in detectible quantities.
Figures 4.2(a) and (b) show the XPS spectra of the N 1s and S 2p core level regions of pure
self-assembled monolayers (SAMs) of SP after 20 min exposure to TFA in the dark. The
small peak at 400.5 eV[27, 28] in the N 1s spectrum is evidence that the acid induced the
formation of about 5 % MCH+ (probably due to exposure of light while sample handling)
within the monolayer, which contains mostly SP. Critically, the S 2p spectrum indicates
that the monolayer remained intact, undamaged by the exposure to TFA. Figures 4.2 (c)
and (d) show the results of a second SAM of pure SP after 20 min exposure to TFA in the
presence of 365 nm light. The N 1 core level region (Fig. 4.2c) now shows contributions
at 398.0 eV, 399.8 eV, 401.2 eV[27] and 405.9 eV,which correspond to the (increasingly
electronegative) indole N of SP, the N•+ associated with dimerization (to form a dication),
the N+ ofMCH+ and the NO2 group[24]. The S 2p spectrum (Figure 4.2 (d)) indicates
that the monolayer was also severely damaged, as is clear from the signals peaked at
161.1 eV[29], 162.1 eV[30], 163.6 eV[21] and 168.1 eV[31] which, in order of increasing
electronegativity and hence higher binding energy, correspond to S chemisorbed to bulk
Au, S bound to Au ad-atoms, S-S (or physisorbed S) and SOx.[32] The data in Figure 4.2
prove that exposure to TFA by itself does not damage even pure SAMs of SP on Au, nor
does it effect switching. The addition of 365 nm light results in 32±3% of SP switching
to MC as well as 67±2% dimerizing in addition to severe damage to the SAM, including
signs of oxidation. Moreover, the binding energy shift (0.3 eV) of the peak associated
with N+ suggests that the switching species is no longer MCH+, but the dication formed
by dimerization during the acid/light treatment[16].

Having established that TFA by itself does not negatively influence monolayer of SP,

4

53



4. CHEMICAL LOCKING IN MOLECULAR TUNNELING JUNCTIONS ENABLES

NON-VOLATILE MEMORY

172 168 164 160 156
Binding Energy (eV)

  

412 407 402 397 392
Binding Energy (eV)

  

a

dc

b

400.5

399.5

405.9

398.8

161.9

163.6

168.1 163.5
162.1

161.3
405.9

399.8

401.2

N 1s

In
te

ns
ity

 (a
rb

. u
ni

ts
)

S 2p

Sample 1

Sample 2

Figure 4.2 The XPS spectra of the N 1s ((a) and (c)) and S 2p ((b) and (d)) core level regions for pure SAMs of
SP on Au;top panels: after immersion in ethanolic TFA for 20 min, drying and exposure to white light for 12 h
before measurement. The intensities of the three N 1s peaks translate to an approximately 19:1 mixture of SP
and MCH+. Bottom panels: spectra relative to a second sample, treated identically with the addition of 365 nm
light during exposure to TFA; here the N 1s spectrum (c) shows irreversible dimerization and a S 2p spectrum
(d) indicates catastrophic damage to the SAM, including the formation of SOx species.

we repeated the XPS experiments on mixed monolayers of SP and hexanethiolate (SP-h),
prepared by immersing the Au substrates supporting pure SAMs of SP in a solution of
hexanethiol in ethanol for 24 h.[21] Figures 4.3 (a) and (b) show the N 2s and S 2p XPS
spectra of the mixed monolayers of SP-h after exposure to TFA and 365 nm light for
20 min followed by 24 h of white light. In the absence of TFA, exposure to white light
would shift the SP
MC interconversion back to 100 % SP. In contrast to the pure SAM
of SP described above (Figure 4.2), the mixed monolayers of SP-h show three distinct
peaks in the N 1s region; the indole N of SP (399.6 eV)[24], the N+ of MCH+ (400.6 eV)[28]
and the NO2 group (406.0 eV)[24]. The SP:MCH+ ratio is about 1:1 as indicated by
the fact that the intensities of the respective fingerprint contributions make up 29±2%
and 28±2% of the total N 1s signal, respectively; hence the switching-efficiency of the
combination of acid and UV light (the LOCK operation) is 50 %, even after exposure
to white light for 12 h. The N 1s core level spectrum proves that MCH+ is stable to
irradiation with white light, which further confirms that the switching of spiropyrans
is irreversible in pure SAMs, in contrast to switching in acidified solutions.[18, 19] The
S 2p spectra show that the mixed monolayer of SP-h was not damaged, with only the
doublet at 161.8 eV and peak at 163.6 eV corresponding to S chemisorbed to bulk Au
and either S-S or physisorbed S. Control experiments on pure SAMs of hexanethiolate
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do not exhibit a peak at 163.6 eV after exposure to the same conditions (Figure 4.4),
thus we tentatively ascribe the peak to S-S formed from the intramolecular dimerization
of the anchoring groups of SP. Overall, the LOCK operation does stress the mixed
monolayers more than the light-driven switching process by itself.[21] This stress could
be (re)dimerization of the thiolate anchors of SP or surface re-arrangement. In either
case, SP (and MCH+) remain bound to the surface and, importantly, there is no evidence
of higher oxidation states of S (e.g., SO2). Although this additional stress is likely to
fatigue mixed monolayers of SP-h with repeated switching cycles, none of the sulfur
species associated with the peak at 163.6 eV are the result of irreversible processes like
the formation of oxides.

Figures 4.3 (c) and (d) show spectra for mixed monolayers of SP-h treated identically
as above (i.e., the LOCK operation) and then immersed in ethanolic solutions of
triethylamine (TEA) under exposure to white light for 3 h (i.e., the UNLOCK operation).
The N 1s spectrum shows only two sharp peaks at 399.5 eV and 406.1 eV, corresponding
to indole N of SP and NO2 respectively. The S 2p spectrum (Figure 3(d)) is unaffected.
Thus, the spectra in Figure 4.3 show that the LOCK operation results in a mixed
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Figure 4.3 The XPS spectra of the N 1s ((a) and (c)) and S 2p ((b) and (d)) core level regions for mixed SAMs of
SP and hexanethiolate on Au; Top panels: after immersion in ethanolic TFA under UV light for 20 min, drying
and exposure to white light for 12 h before measurement. The three indicated peaks in the N 1s spectrum (a)
correspond to an approximately 1:1 mixture of SP and MCH+. Bottom panels: spectra relative to a second
sample, treated identically and then exposed to ethanolic TEA and white light for 3 h shows two sharp peaks in
the N 1s spectrum (c) and no change in the S 2p spectrum (d) indicating that 100 % of the molecules switched
back to SP.
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Figure 4.4 The XPS spectra of S 2p core levels for pure SAMs of hexanethiol on Au after immersion in ethanolic
TFA 20 min under UV light, drying by Ar before measurement. The presence of single chemisorbed sulfur
signal at 161.9 eV confirms that, sulfur atom belong to hexanethiol are neither dimerized nor oxidized in above
mention condition.

monolayer in which 50 % of the chromophores are in the SP form and 50 % in the MCH+

form and that the subsequent UNLOCK operation produces a mixed monolayer in which
100 % are in the SP form. Although there are signs of the formation of S-S or physisorbed
S during the LOCK operation, the mixed monolayer is completely unperturbed by the
UNLOCK operation and shows no signs of catastrophic damage—contrary to pure pure
of SP monolayer.

4.2.2. ELECTRICAL MEASUREMENTS

We previously demonstrated that mixed monolayers of SP-h, in tunneling junctions with
top-contacts of eutectic Ga-In (EGaIn),[33] show a reversible change in conductance
when switched with light.[21] One of the advantages of EGaIn is that it forms large-area
junctions (Ê500µm2) non-destructively and reversibly, allowing for the use of XPS
in between conductance measurements to prove that applying a bias of ±1.0 V is
innocuous. Thus, neither light, acid nor applied bias damage mixed monolayers of SP-h.

To characterize the effect of the LOCK and UNLOCK operations (i.e., exposure to
combinations of acid/base/light) on the conductance of mixed monolayers of SP-h,
we recorded current-density versus voltage (J/V ) sweeps between ±1.0 V after LOCK

and UNLOCK operations in a controlled atmosphere of 1.5 ppm O2 and <5 % relative
humidity.[34] The green J/V curve in Figure 4.5a is a control experiment on a mixed
monolayer of SP-h after exposure to 365 nm light for 20 min to switch it to the MC form
and then white light for 12 h to switch back to the SP form. The red J/V curve was
recorded on the same mixed monolayer shown in Figure 4.3 (a)/(b) (Sample 3) and
shows that exposure to acid, followed by 365 nm light for 20 min (LOCK) increases the
conductance by a factor of 103. The black J/V curve was recorded after subsequent
exposure to white light for 12 h and demonstrates that the acid treatment locks the mixed
monolayer in the high-conductance state. The blue J/V curve was recorded on the same
mixed monolayer shown in Figure 4.3 (c)/(d) (Sample 4) and proves that exposure to
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Figure 4.5 a) J/V curves of the mixed monolayers shown in Figure 4.3 measured using EGaIn top-contacts. Red
(Sample 3): exposure to acid, followed by 365 nm light for 20 min (LOCK). Black (Sample 3): after subsequent
exposure to white light for 12 h. Blue (Sample 4): exposure to acid, followed by 365 nm light for 20 min (LOCK),
followed by base (UNLOCK) and then white light for 12 h . Green: after exposure to 365 nm light for 20 min
followed by white light for 12 h. b) Histograms of log |J | at 1.0 V for the red, black and blue curves. The
datapoints and error bars in panel a are the peak value and variance of histograms for each voltage.
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acid, followed by 365 nm light for 20 min (LOCK), followed by base and then white light for
12 h (UNLOCK) returns the mixed monolayer to the initial, low-conductance state. (Two
different samples were necessary because a single sample did not survive the cumulative
stress of LOCK and UNLOCK cycling plus being taken in/out of ultra high vacuum for two
XPS measurements.) Figure 4.5b shows histograms of log |J | at 1.0 V for the red, black and
blue J/V curves in Figure 4.5 (a). The data are distributed log-normal with no significant
outliers and there is no overlap between the high- and low-conductance states, which
is important for the READ operation because it is performed by briefly measuring the
current at a fixed bias. Strongly skewed or unusually broad distributions decrease the
likelihood of a READ successfully distinguishing between a mixed monolayer (bit) in the
high- (1) or low-conductance (0) states. The data-points and error bars in Figure 4.5
(a) represent the peak value and variance of histograms for each voltage. The complete
lack of overlap in the histograms is due to the unprecedented switching ratio of 103,
which is the highest reported for in-place switching of a molecular tunneling junction .
Light-driven switching alone gives a ratio of 35,[21] but chemical locking either increases
the fraction of switches in the MC form or further increases their tunneling transmission
probabilities. In either case, a ratio of 103 is large enough for potential technological
applications.

4.2.3. SOFT PUNCH CARD DEVICES

An advantage of SAMs (and mixed monolayers) is that they spontaneously form
one-molecule-thick films over arbitrarily large areas, greatly simplifying the formation of
metal/molecule/metal tunneling junctions. A disadvantage is that the switching/locking
phenomenon shown in Figure 4.1 occurs everywhere in the SAM. The most
straightforward way to encode information is to pattern the locked regions of the
SAM spatially, by rasterizing the light used to induce switching while exposing the
entire SAM to an acid or pattering the acid and exposing the entire SAM to light.
Bitstreams can be (de)coded from physical media patterned with a spiral of bits, for
example, pits in optical media and magnetic domains in hard disks. Data storage
based on conductance switching typically arranges bits into grids and cubes, such as
in solid-state disks (SSDs). Encoding or decoding information using mixed monolayers
of SP requires physical access for WRITE/ERASE operations, but not READ operations.
Thus, a hybrid approach like a Millepede drive, in which bits are (en)coded in parallel
by arrays of atomic force microscope (AFM) tips could be employed.[35] Combined with
conducting-probe AFM[36] (for READ) and dip-pen lithography[37] (for LOCK/UNLOCK),
such a device could theoretically yield a bit density of at least 1 Tb mm−2. However, for
proof-of-concept, we chose the simple, “soft punchcard” device shown in Figure 4.6 into
which information is encoded similar to patterned masks used to encoding information
in trains of microdroplets.[38] Mixed monolayers of SP-h are grown on ultra-smooth[39]
Au (AuTS) that is patterned into eight columns and six rows, which is sufficient to
(de)encode six bytes. A complementary rigid master is formed from the same mask
used to pattern the AuTS from which poly[dimethylsiloxane] (PDMS) monoliths are cast.
Information is encoded by punching holes in the PDMS above each recession that will
encode a 1. When the mask is placed over the AuTS bearing mixed monolayers of SP,
it makes a conformal seal such that the entire chip can be exposed to acid and light,
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flipping all of the bits to 1, but only locking the bits exposed to acid through the punched
holes. Thus, the WRITE and LOCK operations happen simultaneously, in parallel and only
in bit-positions defined in the soft punchcard.

4.2.4. ENCODING AND DECODING

Six bytes are sufficient to encode rcclab as 7-bit ASCII characters padded with one
bit. For example, the bottom row of bits in Figure 4.6 encodes b as 01100010 (binary
representations of the other letters are shown in Table 4.1). The pristine mixed
monolayers are in the less conductive, SP form, thus, all elements of the 6× 8 matrix
shown in Figure 4.6 contain 0 initially. In order to differentiate bits, we recorded J/V
sweeps for mixed monolayers in the SP and MC forms to determine the threshold
current-density Jthr (e.g., the value of J at the READ voltage in Figure 4.5). This number
can vary between monolayers and experimental platforms, but must be constant for a
particular device in order to differentiate bits. In our case Jthr = 0.63 Acm−2; values above
Jthr at 1.0 V are read as 1, values below as 0.

To encode information, holes are made in a soft punchcard corresponding to the
matrix elements that will encode a 1. The punchcard is aligned with the patterned AuTS

supporting a mixed monolayer of SP-h, an acidic solution is placed on top and the entire
chip is irradiated with 365 nm light (see Chapter 2). As shown in Figure 4.1, the exposure
to light shifts the SP
MC conversion towards MC across the entire SAM, amounting to a
WRITE operation on every bit. However, the matrix elements exposed to acid through the
soft punchcard undergoes an additional LOCK operation to form MCH+; the remaining
areas of the mixed monolayer relax back to SP thermally, assisted by visible light. To read
a bit, a sharp tip is brought into contact with the mixed monolayer at one of the circular
regions of the patterned AuTS and biased at 1.0 V for 5 s before recording the current;
Figure 4.7 shows the results of reading the entire matrix after encoding rcclab. This
method of reading produces a much larger spread in J than the J/V sweep method we
use for characterizing the tunneling transport properties, but it is a better representation
of how data are read in conductance-based devices. As is clear from Figure 4.5 (b),
the mean values of J extracted from multiple J/V sweeps result in 100 % accuracy as

0
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H+ H+ H+
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a b
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SAM/Au
H+

Figure 4.6 a) Scheme of the gold array patterned by shadow mask deposition. Each line corresponds to an
alphanumerical character (the binary code at the bottom corresponds to the character b (lowercase). Lower
right corner: A cross-section of the PDMS slab showing two open and one closed cavity. Holes are punched
where a “1” bit is desired. The acidic solution and vapor can then flow inside these cavities, changing the
transport properties of the SAM. b) A photograph of a 1 cm2 chip including the soft punchcard.
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Table 4.1: Binary representations of characters in ASCII.

r 01110010 a 01100001
c 01100011 r 01110010
c 01100011 d 01100100
l 01101100 r 01110010
a 01100001 a 01100001
b 01100010

is shown for c in Figure 4.7. Nonetheless, using single READ operations at fixed bias
produced only three erroneous bits; two on the wrong side of Jthr and one that could not
be read. Even though three erroneous READ operations corresponds to a 7.2 % error rate,
because they occurred in three different rows, 50 % of the ASCII characters were read
incorrectly. Commercial devices are far from error-free and incorporate error-correction
strategies that are well beyond the scope of this proof-of-concept work. For example,
commercial SSDs based on NAND gates can tolerate a 3 % error rate. [40].

A non-volatile memory must be able to be erased and re-written; to demonstrate this
ability, we erased the entire matrix (reset all bits to 0) and wrote ardra (the sixth náks. atra
in Hindu astrology). To perform an UNLOCK operation, we immersed the entire array in
basic solution, followed by an ERASE operation with visible light and then a LOCK/WRITE

operation as before, but with a soft punchcard patterned for ardra. As is shown in Figure
4.7, 100 % of bits were successfully erased and there was only one erroneous bit after
re-writing, corresponding to an error rate of 2.8 %.
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Figure 4.7 Values of log |J (A cm−2)| measured at 1.0 V for each bit after WRITE/LOCK to encode rcclab (left),
UNLOCK/ERASE (center) and a second WRITE/LOCK to encode ardra (right). The top row shows matrices
corresponding to the positions of bits. Green and red tiles show bits successfully written as 1 and 0, respectively.
Successful erase operation are colored blue for 1 → 0 and yellow for 0 → 0. The bottom row shows plots of the
values of log |J | with a horizontal line marking Jthr , the threshold that differentiates bits. Erroneous bits are
circled and correspond to lighter colors in the matrices.
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4.2.5. STATISTICAL ANALYSIS OF SIGNAL OUTPUT

To characterize the magnitudes of J associated with “1” and “0” bits we collected
from 15 to 45 traces per dots (from two to four working junctions), scanning 7 of the
meaningful bits of the character c and 6 corresponding to the character r. In this way, a
consistent analysis of the expected current densities for the “1” and “0” configurations
was achieved. Results are collected in Figure 4.8 a. As it can be seen, there is a
clear variation in the current density for the two type of bits that is most noticeable at
±1.0 V. The difference between “1” and “0” current density is approximately one order of
magnitude.

To investigate whether the bits (i.e., the high current condition, resulting from
the open configuration) could be erased by exposing the pattern to basic conditions
required proving that, after the UNLOCK step, the current densities were statistically
indistinguishable. These results are collected in Figure 4.8 (b), for a portion of bits
corresponding to the characters r and c. As can be seen, there is no difference between
the bits that were previously corresponding to a “1” or “0”. Moreover, the current density
values for those regions encoding a “1” bit returned to the baseline value for the initial
“0” configuration.

a b

c d

Figure 4.8 a) J-V plots obtained from the circle-shaped regions, corresponding to the bits for the c character,
after the photochemical (UV + TFA), writing procedure; b) J-V characteristics for some of bits corresponding
to the character c after the chemical (TEA) erasing procedure. The same graphs are reported for the character
r in c) and d) respectively.
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4.3. CONCLUSIONS
Locking SP in the MCH+ form by acid is well-studied, but somewhat controversial
in solution and tethered to solid supports[15–20]. We successfully translated this
phenomenology to metallic electrodes showing, for the first time, that mixed monolayers
of SP can be locked in a high-conductance state by forming MCH+ on the surface. This
process circumvents the spontaneous relaxation of MC back to SP, which we exploit
in a proof-of-concept, optically switched, non-volatile memory device. Exposure to
acid, base, light and applied bias do not damage the monolayers or promote any
side-reactions, meaning that there is no fundamental limit to the reversibility of the
process. While we demonstrated reading, writing, erasing, re-writing and re-reading
six bytes (48 bits) in simple, soft-punchcard devices, the entire process can feasibly be
miniaturized using arrays of nano-scale tips capable of coupling light inputs[41].

4

62



BIBLIOGRAPHY

BIBLIOGRAPHY
[1] K. G. Yager and C. J. Barrett, “Novel photo-switching using azobenzene functional

materials,” Journal of Photochemistry and Photobiology A: Chemistry, vol. 182, no. 3,
pp. 250 – 261, 2006.

[2] Q. Zhang, S.-J. Rao, T. Xie, X. Li, T.-Y. Xu, D.-W. Li, D.-H. Qu, Y.-T. Long, and H. Tian,
“Muscle-like artificial molecular actuators for nanoparticles,” Chem, vol. 4, no. 11,
pp. 2670 – 2684, 2018.

[3] F. Raymo, “Digital processing and communication with molecular switches,”
Advanced Materials, vol. 14, no. 6, pp. 401–414, 2002.

[4] J. E. Green, J. Wook Choi, A. Boukai, Y. Bunimovich, E. Johnston-Halperin,
E. DeIonno, Y. Luo, B. A. Sheriff, K. Xu, Y. Shik Shin, H.-R. Tseng, J. F. Stoddart, and
J. R. Heath, “A 160-kilobit molecular electronic memory patterned at 1011 bits per
square centimetre,” Nature, vol. 445, p. 414, 2007.

[5] W. Li, C. Jiao, X. Li, Y. Xie, K. Nakatani, H. Tian, and W. Zhu, “Separation of
photoactive conformers based on hindered diarylethenes: Efficient modulation
in photocyclization quantum yields,” Angewandte Chemie International Edition,
vol. 53, no. 18, pp. 4603–4607, 2014.

[6] E. Scheer, Molecular Electronics. An Introduction to Theory and Experiment, World
Scientific, 2010.

[7] B. L. Feringa, W. F. Jager, and B. de Lange, “Organic Materials for Reversible Optical
Data Storage,” Tetrahedron, vol. 49, pp. 8267–8310, 1993.

[8] Y. Wu, Y. Xie, Q. Zhang, H. Tian, W. Zhu, and A. D. Q. Li, “Quantitative
photoswitching in bis(dithiazole)ethene enables modulation of light for encoding
optical signals,” Angewandte Chemie International Edition, vol. 53, no. 8,
pp. 2090–2094, 2014.

[9] Z. Liu, S. Ren, and X. Guo, “Switching effects in molecular electronic devices,” Topics
in Current Chemistry, vol. 375, no. 3, p. 56, 2017.

[10] C. Jia, A. Migliore, N. Xin, S. Huang, J. Wang, Q. Yang, S. Wang, H. Chen, D. Wang,
B. Feng, Z. Liu, G. Zhang, D.-H. Qu, H. Tian, M. A. Ratner, H. Q. Xu, A. Nitzan, and
X. Guo, “Covalently bonded single-molecule junctions with stable and reversible
photoswitched conductivity,” Science, vol. 352, no. 6292, pp. 1443–1445, 2016.

[11] P. Pourhossein, R. K. Vijayaraghavan, S. C. J. Meskers, and R. C. Chiechi,
“Optical modulation of nano-gap tunnelling junctions comprising self-assembled
monolayers of hemicyanine dyes,” Nature Communications, vol. 7, p. 11749, 2016.

[12] H. Dürr and H. Bouas-Laurent, Photochromism: molecules and systems. Elsevier,
2003.

4

63



BIBLIOGRAPHY

[13] M. Kathan and S. Hecht, “Photoswitchable molecules as key ingredients to
drive systems away from the global thermodynamic minimum,” Chemical Society
Reviews, vol. 46, no. 18, pp. 5536–5550, 2017.

[14] R. Klajn, “Spiropyran-Based Dynamic Materials,” Chemical Society Reviews, vol. 43,
no. 1, pp. 148–184, 2014.

[15] L. Kortekaas, J. Chen, D. Jacquemin, and W. R. Browne, “Proton-stabilized
photochemically reversible e/z isomerization of spiropyrans,” The Journal of
Physical Chemistry B, vol. 122, no. 24, pp. 6423–6430, 2018.

[16] L. Kortekaas, O. Ivashenko, J. T. van Herpt, and W. R. Browne, “A remarkable
multitasking double spiropyran: Bidirectional visible-light switching of

polymer-coated surfaces with dual redox and proton gating,” Journal of the
American Chemical Society, vol. 138, no. 4, pp. 1301–1312, 2016.

[17] N. Xiao, Y. Chen, R. Lemieux, E. Buncel, G. Iftime, and P. M. Kazmaier,
“Spiropyran-merocyanine equilibrium in presence of organic acids and bases,”
Molecular Crystals and Liquid Crystals, vol. 431, no. 1, pp. 337–344, 2005.

[18] J. T. C. Wojtyk, A. Wasey, N.-N. Xiao, P. M. Kazmaier, S. Hoz, C. Yu,
R. P. Lemieux, and E. Buncel, “Elucidating the mechanisms of acidochromic
spiropyran-merocyanine interconversion,” The Journal of Physical Chemistry A,
vol. 111, no. 13, pp. 2511–2516, 2007.

[19] M. E. Genovese, A. Athanassiou, and D. Fragouli, “Photoactivated acidochromic
elastomeric films for on demand acidic vapor sensing,” Journal of Materials
Chemistry A, vol. 3, pp. 22441–22447, 2015.

[20] M. E. Genovese, E. Colusso, M. Colombo, A. Martucci, A. Athanassiou, and
D. Fragouli, “Acidochromic fibrous polymer composites for rapid gas detection,”
Journal of Materials Chemistry A, vol. 5, pp. 339–348, 2017.

[21] S. Kumar, J. T. Van Herpt, R. Y. Gengler, B. L. Feringa, P. Rudolf, and R. C. Chiechi,
“Mixed monolayers of spiropyrans maximize tunneling conductance switching
by photoisomerization at the molecule-electrode interface in EGaIn junctions,”
Journal of the American Chemical Society, vol. 138, no. 38, pp. 12519–12526, 2016.

[22] M. Kim, J. N. Hohman, Y. Cao, K. N. Houk, H. Ma, A. K.-Y. Jen, and P. S.
Weiss, “Creating favorable geometries for directing organic photoreactions in
alkanethiolate monolayers.,” Science, vol. 331, no. 6022, pp. 1312–1315, 2011.

[23] L. Kortekaas, O. Ivashenko, J. T. van Herpt, and W. R.
Browne, “A remarkable multitasking double spiropyran: Bidirectional visible light
switching of polymer-coated surfaces with dual redox and proton gating.,” Journal
of the American Chemical Society, vol. 138, no. 4, pp. 1301–1312, 2016.

[24] O. Ivashenko, J. T. van Herpt, B. L. Feringa, P. Rudolf, and W. R. Browne,
“Electrochemical write and read functionality through oxidative dimerization of

4

64



BIBLIOGRAPHY

spiropyran self-assembled monolayers on gold,” The Journal of Physical Chemistry
C, vol. 117, no. 36, pp. 18567–18577, 2013.

[25] T. Laiho, J. Leiro, and J. Lukkari, “Xps study of irradiation damage and different
metal–sulfur bonds in dodecanethiol monolayers on gold and platinum surfaces,”
Applied Surface Science, vol. 212-213, pp. 525 – 529, 2003.

[26] M. Oçafrain, T. K. Tran, P. Blanchard, S. Lenfant, S. Godey, D. Vuillaume, and
J. Roncali, “Electropolymerized self-assembled monolayers
of a 3,4-ethylenedioxythiophene-thiophene hybrid system,” Advanced Functional
Materials, vol. 18, no. 15, pp. 2163–2171, 2008.

[27] A. A. Qaiser and M. M. Hyland, “X-ray photoelectron spectroscopy characterization
of polyaniline-cellulose ester composite membranes,” Materials Science Forum,
vol. 657, pp. 35–45, 2010.

[28] S. N. Kumar, G. Bouyssoux, and F. Gaillard, “Electronic and structural
characterization of electrochemically synthesized conducting polyaniline from xps
studies,” Surface and Interface Analysis, vol. 15, no. 9, pp. 531–536, 1990.

[29] Y. W. Yang and L. J. Fan, “High resolution XPS study of decanethiol on Au(111):
Single sulfur-gold bonding interaction,” Langmuir, vol. 18, no. 4, pp. 1157–1164,
2002.

[30] J. Jia, A. Kara, L. Pasquali, A. Bendounan, F. Sirotti, and V. A. Esaulov, “On sulfur core
level binding energies in thiol self-assembly and alternative adsorption sites: An
experimental and theoretical study,” Journal of Chemical Physics, vol. 143, no. 10,
2015.

[31] K. S. Siow, L. Britcher, S. Kumar, and H. J. Griesser, “Sulfonated surfaces by sulfur
dioxide plasma surface treatment of plasma polymer films,” Plasma Processes and
Polymers, vol. 6, no. 9, pp. 583–592, 2009.

[32] A. Abdullah, T. G. Nevell, P. G. Sammes, and C. J. Roxburgh, “Unusual
thermo(photo)chromic properties of some mononitro- and dinitro- substituted
3’-alkyl indolospirobenzopyrans,” Dyes and Pigments, vol. 121, pp. 57 – 72, 2015.

[33] R. C. Chiechi, E. A. Weiss, M. D. Dickey, and G. M. Whitesides, “Eutectic
gallium-indium (EGaIn): A moldable liquid metal for electrical characterization
of self-assembled monolayers,” Angewandte Chemie International Edition, vol. 47,
no. 1, pp. 142–144, 2008.

[34] M. Carlotti, M. Degen, Y. Zhang, and R. C. Chiechi, “Pronounced environmental
effects on injection currents in EGaIn tunneling junctions comprising self
-assembled monolayers,” The Journal of Physical Chemistry C, vol. 120, no. 36,
pp. 20437–20445, 2016.

[35] P. Vettiger, G. Cross, M. Despont, U. Drechsler, U. Durig, B. Gotsmann, W. Haberle,
M. A. Lantz, H. E. Rothuizen, R. Stutz, and G. K. Binnig, “The “millipede” -

4

65



BIBLIOGRAPHY

nanotechnology entering data storage,” IEEE Transactions on Nanotechnology,
vol. 1, no. 1, pp. 39–55, 2002.

[36] D. J. Wold and C. D. Frisbie, “Fabrication and characterization
of metal-molecule-metal junctions by conducting probe atomic force microscopy,”
Journal of the American Chemical Society, vol. 123, no. 23, pp. 5549–5556, 2001.

[37] R. D. Piner, J. Zhu, F. Xu, S. Hong, and C. A. Mirkin, “Dip-Pen nanolithography,”
Science, vol. 283, no. 5402, pp. 661–663, 1999.

[38] M. Hashimoto, J. Feng, R. L. York, A. K. Ellerbee, G. Morrison, S. W. Thomas III,
L. Mahadevan, and G. M. Whitesides, “Infochemistry: Encoding information as
optical pulses using droplets in a microfluidic device,” Journal of the American
Chemical Society, vol. 131, no. 34, pp. 12420–12429, 2009.

[39] E. A. Weiss, G. K. Kaufman, J. K. Kriebel, Z. Li, R. Schalek, and G. M. Whitesides,
“Si/SiO2 templated formation of ultraflat metal surfaces on glass, polymer, and
solder supports: their use as substrates for self-assembled monolayers,” Langmuir,
vol. 23, no. 19, pp. 9686–9694, 2007.

[40] R. Sayyad and S. Redkar, “Failure analysis and reliability study of nand flash-based
solid state drives,” Indonesian Journal of Electrical Engineering and Computer
Science, vol. 2, no. 2, pp. 315–327, 2016.

[41] D. J. Eichelsdoerfer, X. Liao, M. D. Cabezas, W. Morris, B. Radha, K. A. Brown, L. R.
Giam, A. B. Braunschweig, and C. A. Mirkin, “Large-area molecular patterning with
polymer pen lithography,” Nature Protocols, vol. 8, no. 12, pp. 2548–2560, 2013.

4

66



5
DISULFIDE MOLECULES IN

MOLECULAR TUNNELING

JUNCTIONS

Abstract: The question whether the nature of Au–S bonds dominates in molecular
tunneling junction is an important ubiquitous in molecular electronics. Monitoring the
Au–S bond by photoemission spectroscopy in different conditions in combination with
EGaIn measurements, answers the aforementioned question.
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5. DISULFIDE MOLECULES IN MOLECULAR TUNNELING JUNCTIONS

5.1. INTRODUCTION
Self-assembled monolayers (SAMs) have been widely applied in various fields of
materials science[1–3]. SAMs comprising organic molecules have found application in
nanopatterning[4, 5], molecular-scale devices[6, 7], optical materials[8, 9], formulation
of biosurfaces[10], adhesion[11], wettability[12], and corrosion protection[13]. On metal
surfaces such as gold, these two dimensional (2D) assemblies of organic molecules
are mostly anchored via a thiol group. It is therefore crucial to understand the Au–S
chemistry because this bond determines the stability of thiol-based SAMs formed
under various conditions, like PH[14], type of the solvent[15], roughness[16] of the
Au substrate, as well as the solidity of such SAMs in an oxidizing or reducing
environment[17]. There are a few experimental platforms available to investigate
the nature of the Au–S bond, and often they are non-trivial. The easiest and most
common methods are single-molecule manipulation techniques, including optical
tweezers, magnetic tweezers, and atomic force microscopy-based single-molecule force
spectroscopy[18], but these systems are very specific and provide information about
single Au–S bonds, which is useful, but they do not inform on the effects of a change
in Au–S bonds on a large area junction.

Previous work on SAMs of thiolated DNA molecule on Au surface have reported that
the presence of physisorbed molecules on the Au surface will have different properties
than DNA SAMs with purely covalent interactions[19]. There have been other reports
where the presence S–S bond alters the ratification ratio of ferrocene SAMs measured
in molecular tunneling junctions[20]. Further, STM reports suggest that disuphide and
thiol molecules have different packing and orientation on Au surface[21]. In the field
of molecular electronics, the mechanism behind the formation and the nature of the
Au–S bond(s) at the thiol-gold interface is still debatable. In the first ever report on
thiol SAMs, it was observed that S–S gets reduced on Au surface and forms Au–S bond,
without finding any traceable amounts of S–S [22, 23]. Later, Whiteside et al., reported
that disulphide molecules were less active on surface than the thiol molecules and no
S–S were observed[24].

In chapter-3, in the case of pure monolayer we clearly observed the presence of
two different type of sulfur species in S 2p spectrum, whereas in mixed monolayer, we
have only one type of covalently bounded Au–S bond on surface. We also observed a
different current density and switching ratio in the case mixed monolayer spiropyrans.
To solve this mystery, in the study presented here we first identified the spectroscopic
signature of the non-covalent bond between Au and a S–S moiety and then studied
the effect of such bonds on the transport properties in large area junctions. We first
studied by X-ray photoelectron spectroscopy (XPS) and contact angle measurements
how a relatively simple molecule, namely a six membered ring with a disulphide bond
(Figure 5.1), adsorbs on gold. Then we prepared a tunneling junction with molecules
containing a five membered ring (same as chapter-3) attached to moieties of different
length.

XPS is a powerful tool, which can help to identify different chemical states of
molecules on the surface; it can provide information about Au–S interactions in SAMs,
the SAM thickness and hence the tilt angle of the molecules in the SAM, or the
orientation of the functional group with respect to the surface. In short XPS is highly
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suitable to characterize the quality of SAMs [25]. In the S 2p core level XPS spectra, the S
2p doublet corresponding to the Au–S covalent bond is peaked in the binding energy at
161.8−162.0 eV. Shifts to positions outside this binding energy range signal changes in
the oxidation state of sulfur and in the interaction between Au and S. On the other hand,
in several XPS and high-resolution XPS studies [19, 21], spectral contributions at binding
energies ranging from 163 to 164 eV[19, 21, 26, 27] have been interchangeably assigned
to non-covalent interactions between the gold surface and moieties with either a single
S or a disulphide; this will become relevant for a commonly occurring S 2p component
peaked at 163.6±0.2 eV [28–32], which was investigated in the study reported here.

We studied SAMs of cyclic-DTT ((4S,5S) − 1,2−dithiane-4,5-diol, referred in
this study as c-DTT), which was synthesized from Dithiotreitol(DTT) or ((2S,3S) −
1,4−Bis(sulfanyl) butane-2,3-diol. We also studied mixed-SAMs of c-DTT with
ethanethiol (EtSH) molecules. We used XPS to monitor S 2p core level spectrum of
this disulfide molecule attached to the Au surface in various conditions. We also
monitored surface hydrophobicity via water contact angle measurements carried out for
different SAM formation times and different exchange times employed to form the mixed
monolayers. Finally, we also investigated the influence of these different interactions on
the change transport in molecular tunneling junctions.

5.2. RESULTS AND DISCUSSION

(bp)d-DTT (mp)d-DTT (bc)-DTT

(a) (b) (c)

Au   (S S)   Au Au SAu   (S S)

Figure 5.1 Types of disulfide and thiolate surface-bonds expected during the SAM formation from DTT
(Dithiothreitol or (2S,3S) − 1,4−Bis(sulfanyl)butane-2,3-diol); Possible chemical structures – (bp)d-DTT,
(mp)d-DTT, and (bc)DTT – of the DTT molecule used for XPS and contact angle measurements. (“–" and
“· · ·" represent a covalent and non-covalent interaction, respectively.)

In the light of aforementioned literature data, we decided to use cyclic-DTT (c-DTT),
a relatively simple molecule to understand the gold - sulfur interaction. c-DTT
molecules can bind on the Au surface in different configurations, as shown in Figure
5.1. As shown in Figure 5.1(a) and (b) two or even only one sulfur atom can be
weakly linked to Au atoms and we identify these bonds as bidentate physisorbed c-DTT
((bp)c-DTT) and monodentate physisorbed c-DTT ((mp)c-DTT), respectively. Another
possibility is depicted in Figure 5.1(c), where both sulfur atoms are chemically bound
to the gold atoms forming Au–S covalent bonds, a configuration we shall describe in
the following as bidentate, chemisorbed-DTT(bc)DTT). The c-DTT SAMs were prepared
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by immerging the Au substrate in an ethanolic solution (0.1 mM) of c-DTT molecules at
room temperature for different immersion times as explained below.

5.2.1. XPS AND CONTACT ANGLE MEASUREMENT

We monitored Au–S interaction via XPS, as well as absorption and ordering of DTT
molecules on Au surface by contact angle measurements; the results are shown in
Figure 5.2. The c-DTT SAMs were assembled with different immersion times of 20 min,
120 min, and 720 min. The S 2p core level spectra (Figure 5.2(b) left panel) are
characterized by multiple doublets peaked at 161.3 eV, 162.0 eV, and 163.6 eV and

293 289 285 281169 166 163 160 157
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C-S/C-OH

Au-S

S-S

C-C

C=O

SP2
S-Au

0.5 eV
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46±2°

720min

41±2°

EtSH

75±2°

20min

56±2°

(a) Contact angle measurement

Figure 5.2 Contact angle measurement of SAMs prepared with different immersion time (20 min, 120 min,
and 720 min), b) The XPS spectra of the same pure SAMs of c-DTT assembled in immersion times of 20 min,
120 min, and 720 min. Left column: S 2p core-level spectra and fits of the data showing multiple doublets
corresponding to the Au–S bond (black), sulfur bound in a hollow site (purple), and physisorbed S–S bond
(red); right column: C 1s core level spectra and fits of the data showing the contributions corresponding to C-C
(black), C-S/C-OH (green) and C=O bonds (blue).
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confirming the presence of various S environments; we identified these components
as S bound on a Au hollow site (purple)[33], Au–S (black)[30, 31, 33], and physisorbed
disulfide or thiol (red)[30, 34, 35], respectively. S bound on the Au hollow-site (161.3 eV)
is present in the spectrum of the SAM assembled in 20 min but not for samples produced
with longer immersion times. This points to a disordered[33] SAM for the 20 min sample.
It is important to note that even for SAMs with longer immersion times (120 min and
720 min) more than one type of Au–S bond is present on the surface. To figure out
which S functional group illustrated in Figure 5.2 gives rise to the doublet peaked at
163.6 eV [33, 36], we put forward the following arguments. Firstly, the S atom has higher
electronegativity, and thus more electron-density in a thiol functional group (R–SH)
compared to a disulfide group (R–S–S–R). This means that the physisorbed thiol S should
appear at a lower binding energy than a physisorbed disulfide S on a Au surface (Figure
5.1a and b), in the binding energy range of 163-164.0 eV[19, 21, 26, 27]. Secondly, the
absence of any source of thiol formation in our SAM media excludes the possibility of
this peak being a physisorbed thiol peak. Finally, the physisorbed thiol or free thiol
peak has been reported at 163.2 eV[33, 36]. Absence of any such peaks near or below
the red peak (163.6 eV) supports our hypothesis that the red peak corresponds to the
physisorbed disulfide sulfur (Figure 5.1(a)).

The C 1s core level region (Figure 5.2(b) right column) also contains multiple
contributions, namely the one due to C-C bonds at a binding energy of 284.5 eV[37]
(black), the signal derived from C-S/C-OH bonds at 286.5 eV [38–40] (green), and that
stemming from C=O bonds at 288.8 eV[41–43] (blue). Comparing the 20 min to the
720 min sample, one notices that the peak assigned to C-S/C-OH bonds is shifted to
0.5 eV lower binding energy for the latter. A possible explanation for this shift might
be that the electron density at the ‘C-OH’ bond is altered due to the formation of
intermolecular hydrogen bonds, which make the environment of these C atoms more
electron rich and probably also increase the ordering of the SAMs.

To better understand the presence of two types of Au and S interactions in c-DTT
SAMs, characterized by the black and red doublets in the S 2p core level spectra, we
prepared mixed monolayers of c-DTT with ethanethiol (EtSH) on the Au surface. For the
formation of these mixed monolayers, we started with the 120 min sample of Figure 5.2,
re-labeled as ‘0 h’ for this part, and immersed it in a 0.1 mM ethanolic solution of EtSH
for different exchange times. The XPS and contact angle measurements performed on
samples freshly prepared with 6, 18 or 20 h of exchange time, are shown in Figure 5.3.

The S 2p core-level region of the XPS spectra, presented in the left column of Figure
5.3(c), can be fitted with two doublets peaked at binding energies of 161.8 eV[30] (black)
and 163.6 eV (red) and labeled as due to Au–S and S–S bonds. The relative amount of S–S
decreases from 37±2% before the exchange takes place, to 25±3% after 6h of exchange
and 8± 2% after 18h. After 24h of exchange time no S–S bonds are left on the surface,
indicating that either the c-DTT molecules were completely exchanged by ethanethiol
or the S–S bond was reduced by ethanethiol, or both.

The C 1s core level spectra shown in the right column of Figure 5.3(c), can be fitted
with three different contributions corresponding to C-C (black), C-S/C-OH (green), and
C=O (blue) bonds. Interestingly, the C-S/C-OH binding energy shifts by 0.5 eV to lower
binding energy when going from 0 h to 6 h of exchange time and then remains in the
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Figure 5.3 (a) Characterization of mixed DTT SAMs obtained by immersing in an ethanethiol solution for
different exchange times; (a) relative amount of C-OH present as deduced from the XPS spectra of Figure 5.4(a);
b) Contact angles (red) and normalized Au/S ratio (black) as deduced from XPS ; the Au/S ratio was normalized
to the Au/S ratio of an ethanethiol (EtSH) SAM shown in Figure 5.4(b); (c) XPS spectra of the same batch of
samples; left column: S 2p core-level spectra and fits of the data showing two doublets corresponding to Au–S
(black), and S–S bonds (red); right column: C 1s core level spectra and fits of the data showing contributions
corresponding to C-C (black), C-S/C-OH (green ) and C=O bonds (blue).
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same position for samples resulting from longer exchange times. This shift could be
due to the formation of hydrogen bonds among the c-DTT molecules on the surface.
The relative intensity of the contribution due to C-S/C-OH bonds, is reduced from
40% to 37% after 6 h of exchange, but is then found to have decreased only by very
small amounts after the next 12 or 18 h of exchange. The SAM formed after 24 h of
exchange shows only one Au–S bond (left column of Figure 5.3(c)) but the relative C
1s spectral intensity due to C-S/C-OH bonds (right column of Figure 5.3(c)) amounts
to 36%, confirming that after 24 h of exchange time there is still a mixed SAM on the
gold surface, composed of both chemisorbed molecules, c-DTT and EtSH. However, the
mechanism of chemisorption or breaking of S–S bonds is not clear. As shown in Figure
5.3(b), we computed the Au/S ratio (black curve) and measured the water contact angle
(red curve) before starting the exchange and after 6 h, 18 h, and 24 h of exchange time.
The Au/S ratios reported here were normalized to the Au/S of the ethanethiol SAM. As
seen in Figure 5.3(b), the exchange process can be divided into three different zones. In
Zone 1 (0 h to 6 h of exchange) the decrease in Au/S ratio and the increase in contact
angle point to the replacement of weakly bounded c-DTT molecules by EtSH. In fact,
the c-DTT SAM prepared with a relatively short immersion time (120 min) as in our
experiments, comprises defects and is still rather disordered, with weakly-bound c-DTT
molecules on the surface. Consequently in the first 6 h of exchange time, ethanethiol first
fill the vacancies and replace weakly bound c-DTT molecules, which leads to a relatively
more hydrophobic surface (increase in contact angle, Figure 5.3(b)). In Zone 2 (6 h to 18
h of exchange time) the Au/S ratio and contact angles are constant within the error bars
(Figure 5.3(b)), indicating that the amount of S and of OH groups does not change much.
This suggests an extremely low exchange rate of molecules after the first 6 h. Comparing
the XPS spectra of the samples obtained after 6 h and 18 h of exchange (Figure 5.3(c),
red curve) the spectral intensity due to S–S bond is found to be reduced by around 17%,
whereas the amount of C-S/C-OH bonds is the same after longer exchange times. These
results suggest that in Zone 2 the rearrangement of Au–S bonds on the surface dominates
and simultaneously S–S bonds are cleaved, transforming into new Au–Sovalent bonds.
In Zone 3 (18 h to 24 h of exchange) one sees that after 24 h of exchange, the Au/S ratio
and the contact angle are both higher than after 18 h, which indicates replacement of
c-DTT molecules by ethanethiol on the surface. Additionally we note that desorption of
Au–S units from the surface into the solution is well documented for alkanethiol SAMs
[21]. We therefore speculate that the same phenomenon also contributes to the increase
in Au/S ratio[44] .

The O 1s spectra in Figure 5.4(a) testify to the presence of C-OH bonds on the surface
for all mixed SAMs, while no traceable amount of C-OH can be identified in the spectrum
of a pure ethanethiol SAM, shown in the bottom row of Figure 5.4(b). With respect to the
pure DTT SAM, the O 1s spectrum of the mixed SAM obtained after 6 h of exchange
time, is shifted by 0.3 eV to lower binding energy, consistently with the shift observed
in the C 1s spectrum (Figure 5.3(c)). The variation of the O 1s (Figure 5.3(a)) spectral
intensity with exchange time (0 h to 24h) fully confirms the conclusions on the amounts
of C-S/C-OH bonds from the C 1s spectra in Figure 5.3(b).

From all these results we can conclude that both exchange and S–S cleavage happen
on the surface when the c-DTT SAM is immersed in the EtSH solution; in the first 6 h
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Figure 5.4 XPS spectra of the same batch of samples of Figure 5.3 (b); left column: O 1s core level spectra and
fits of the data showing two singlet corresponding to the C–OH and C=O bonds, b) XPS spectra of ethanethiol
SAMs developed in ethanol; top row: C 1s core level spectra and fits of the data showing contributions
corresponding to C-C (black), C-S (green); middle row: S 2p core level spectra; bottom row: O 1s core level
spectrum.
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exchange dominates, in the following 12 h mainly cleavage of S–S bond and formation
of Au–S bonds, and when after 18 h less than 10% of sulfur is left in S–S bonds, exchange
and desorption become again the dominating processes.

5.2.2. CONDUCTIVITY MEASUREMENTS OF SAMS

The presence of physisorbed and chemisorbed thiol and/or disulphide anchoring
groups on a substrate can affect the tunneling conductance across the tunneling
(metal-molecule-metal) junction, as recently shown by Inkpen et al., [45] for the case of
SAMs with mono, dithiol and disulphide anchoring groups. Here we consider a different
experimental test where we studied a tunneling junction comprising SAMs of molecular
systems of varying the molecular length, all with disulphide anchoring groups, and
performed a β analysis. For ease of chemical synthesis, instead of the DTT molecule,
here we used (±)α-lipoic acid ((R)−5− (1,2−Dithiolan−3−yl)pentanoic acid; labeled as
‘C0’. As seen in the sketch of the structure of this molecule shown in Figure 5.5(a), it
presents a disulphide bond as c-DTT, but has a 5-membered ring and carboxylic acid
group attached at the 3 position. Molecules with different R groups at the end of the
carboxylic acid chain were synthesized as described in Appendix 7.1, namely CH3 (‘C1’),
C5H11 (‘C5’) and C9H19 (‘C9’). The structure of these molecules is sketched in Figure 5.5
(b), (c) and (d).

Pure and mixed (prepared by exchange with octanethiol) SAMs of these four
molecules were prepared, characterized by XPS and contact angle measurements and
their conductance was determined in molecular junctions with AuTS as the bottom
electrode and eutectic Gallium-Indium (EGaIn) as the top electrode[46].The XPS spectra
of pure and mixed SAMs of C1 are shown in Figure 5.6. Similarly to the pure and
mixed DTT SAMs discussed 5.2.1, the S 2p spectra (left column) indicate that S–S bonds
(marked in red) are present only in the pure SAM, and that the C 1s (right column)
confirm the presence of C–O/C–S, O-C=O, and C–C in both mixed and pure monolayer.
The thickness of the SAMs as deduced from the attenuation of the Au 4f peak in the XPS
spectra is reported in Table 5.1. These values are clearly different from the theoretical
lengths of molecules in the corresponding monolayers, indicating that the molecules
have high tilt angle ( must be oriented almost parallel) to the Au surface because of their
favorable molecular geometry as shown in Figure 5.5.

(a) (b) (c) (d)

C0 C1 C5 C9

Figure 5.5 Structure of the molecules employed in the conductance measurements (a) C0, (b) C1, (c) C5 (d) C9.
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Figure 5.6 XPS spectra of C1 SAM; left column: C 1s core level spectra and fits of the data showing contributions
corresponding to C-C (black), C-S/C-O (green) and O-C=O/C=O bonds (blue); right column: S 2p core level
spectra and fits of the data showing two doublets corresponding to Au–S (black), and S–S bonds (red).

The J-V results of EGaIn measurements are shown in Figure 5.7 (a) and (c) for pure
and mixed SAMs, respectively. It can be clearly seen that for the Cn series (C0, C1, C5
and C9), the value of current density for the mixed SAMs varies with the molecular
length but this is not true for pure SAMs. To understand this further, we performed a
β analysis on these two sets of measurements[47]. We used the Simmons model for the
tunneling current density through a rectangular barrier in direct tunneling regimes in
the low bias limit (Figure 5.7 (b) and (d)). The β values were obtained for individual V
values and then plotted with their linear fits (equ. 5.2 and 5.3) to obtain the low-bias β.
For this analysis, we used molecular lengths computed using quantum mechanical DFT
calculations with the B3LYP functional and de f 2−−SV P basis sets for optimizing the
molecular geometries (Table 5.1). We also obtained β values taking the value of current
density (|J |) at 0.5V using the simplified Simmon’s equation:

ln(|J |) = ln(|J0|)−β ·d (5.1)
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where, d is the theoretical length of the Cn series tabulated in table 5.1. The plot of
ln(|J |) with molecular length and the fitting of the equation 5.1 is shown in the insets of
Figure 5.7(b) and (d). For the voltage range: 0.05 ≤V ≤ 0.5[47]:

ln(J .d) = ln

(√
2mφB e2α

ħ2 V

)
− 2

√
2mφBα

ħ d (5.2)

where,

β0 =
2
√

2mφBα

ħ (5.3)

For pure SAMs of Cn we obtained extremely low β values in the bias range 0.05 ≤
V ≤ 0.5 (β= 0.01 Å−1), as can be seen in Figure 5.7 (b). This result is in line thickness of
pure SAMs of Cn discussed above since it indicates that the tunneling distance was same
for the Cn series of molecules. Four the mixed-SAMs of these molecules, we obtained
instead a length-dependence of the conductance and a β value (β = 0.53 Å−1, Figure
5.7 (c)), which is close to that of alkanethiol molecules reported in the literature[48].
From these results we can conclude that the octanethiol molecules not only promote
a good packing of the SAMs, they also cleave the disulphide bonds in this Cn series.
The resulting covalently-bounded thiols ensure a better electronic coupling between Au
and S, which further enhances the tunnel charge transport through the junction, as also
observed in the literature[45]

Table 5.1: Describing the R group in the Cn molecules, structure shown in the inset of Figure 5.7(a),
corresponding to the four Cn molecules (C0, C1, C5 and C9) along with DFT obtained molecular length and
XPS obtained SAM thickness.

Acronym R DFT molecular XPS pure SAM
(Cn) group length (Å) thickness (Å)

C0 H 7.91 7.0±0.7
C1 CH3 9.25 8.0±0.7
C5 C5H11 13.97 9.0±0.8
C9 C9H19 18.90 16.0±1.0
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Figure 5.7 (a) Logarithmic current density versus voltage (J-V ) curves obtained from the EGaIn measurements
on pure SAMs of C0, C1, C5 and C9 molecules (see Figure 5.5 and table 5.1 for chemical structures). (b) β
analysis[47] for the voltage values 0.05 to 0.50 V for the J-V curves of pure SAMs show an average value of
β = 0.01 Å−1, i.e., no length-dependence. Inset shows plot of ln(|J |) vs. molecular length and use of equation
5.1 to obtain β = 0.12 Å−1 (c) EGaIn measurements (J-V ) for mixed SAMs of the above four molecules with
octanethiol. (d) β analysis for the same voltage range shows length-dependence of tunneling current with an
average β value of 0.53 Å−1. The inset shows plot of ln(|J |) vs. molecular length and use of equation 5.1 to
obtain β = 0.57 Å−1 Theoretical molecular lengths obtained from DFT (see Table 5.1) were used for these β
analyses and the linear fits were performed keeping the slope fixed to 0.

5.3. CONCLUSIONS
In conclusion, we have shown that the SAMs of (±)α-lipoic acid ((R) − 5 −
(1,2−Dithiolan−3−yl)pentanoic acid molecules with a disulphide as anchoring group
without (‘C0’) and without different R (Apendex) groups at the end of the carboxylic
acid chain (namely CH3 (‘C1’), C5H11 (‘C5’) and C9H19 (‘C9’)) bind both via covalent
Au–S bonds and via physisorbed S–S bonds to the Au surface. Pure SAMs of these
molecules are poorly ordered on the surface, and both the thickness deduced from XPS
measurements and the unusual β value (0.01Å−1) obtained in J-V measurements agree
with a molecular configuration (nearly) parallel to the gold surface. However, in mixed
monolayers of the Cn series, the presence of octanethiol makes the Cn molecules orient
upright on the Au surface, resulting in better packing, as evident from the thickness
deduced from XPS measurements and the β value (0.53 Å−1) for this series Moreover, the
presence of physisorbed S–S bonds in pure SAMs reduced the injection current density
(ln(|J0|) = -5.51) because of a weaker coupling between the molecules and bottom
electrode. This was not the case for mixed SAMs (ln(|J0|) = -1.87), where the S atoms
were shown to be covalently bonded to the bottom electrode.
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6
PHOTOSWITCHABLE

CUCURBIT[8]URIL MONOLAYER ON

GOLD SURFACE

This chapter introduces the surface immobilization of a supramolecular cucubit[8]uril
(CB[8]) complex with a light-responsive thread, bearing paraquat and azobenzene
moieties, connected to surface anchoring group via tetraethylene glycol linker. The
CB[8] complexes were grafted on Au(111) surface in a simple two-step process, that is,
immobilization of the thread followed by complexation of the thread by the cavitand.
Upon exposure of the surface-confined complex of UV light, the paraquat moiety is
expelled from the cavitand but when irradieated with white light (Ê 455nm) it threads
back into the macrocyle. The conformational change of molecular complex were analyzed
by XPS and contact angle measurements and fatigue behaviour when moving in and out
of the cavitand is analysed.

Sumit Kumar, Wojciech Danowski, Laura Nunes dos Santos Comprido, Tasheen Zehra, Sander J.
Wezenberg, Ben L. Feringa, and Petra Rudolf, "Maximized change in contact angle for photo-switchable
cucurbit[8]uril-mediated supramolecular monolayers on gold", in preparation.
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6. PHOTOSWITCHABLE CUCURBIT[8]URIL MONOLAYER ON GOLD SURFACE

6.1. INTRODUCTION
Responsive functional surfaces, whose properties and function can be altered by an
external stimulus, continue to attract significant attention for their application as
sensors[1–4], biochips[5],lubricants[6–8], coatings[9–11], or electronic devices [12–15].
Photo-responsive molecular switches are among the most promising candidates for the
fabrication of responsive functional surfaces as light, in comparison to other stimuli,
offers the highest level of spatiotemporal control over the surface properties. The
light-induced structural change of these molecules on surfaces can be exploited for
switching wettability[16–22] or for opto-mechanical applications[14, 23]. Fabrication
of photo-responsive self-assembled monolayers (SAMs) requires a good understanding
of chemical and optical properties of the substrate. For the efficient switching of
the photoactive SAM, a sufficient free volume around each switch is required, which
can be achieved either by using a mixed monolayer strategy or a bulky anchoring
group[12, 20, 24]. In addition, the lateral separation of the chromophores in the SAM
prevents intermolecular exciton coupling between the adjacent photoswitches[25, 26].
The light-induced water contact angle (WCA) changes of currently known photoactive
SAMs are modest, amounting to 2−14° for azobenzene monolayers [16, 21, 27], to 6−10°
for spyropyrans[18, 21, 28], and to 5− 7° for diarylethylenes[20]. Different approaches
have been followed to amplify these changes, for example by increasing the surface
roughness[17, 28–30] through grafting of polymer brushes to the surface[31–34], or
fabrication of patterned surfaces[22]. Nevertheless, the control of the WCA on flat,
non-patterned surfaces by light remains a fundamental challenge.

Recently a lot of attention has been devoted to the assembly of SAMs of
photoresponsive host-guest complexes[35]. In these systems the isomerization of
the photoswitch usually promotes the dissociation/association of the supramolecular
complex and therefore, conformational change associated with the isomerization of the
photoswitch can be further amplified, which in turn, should result in larger variation
in WCA between the pristine and the irradiated surface[30, 36]. For this purpose,
responsive surfaces functionalized with macrocyclic hosts including cyclodextrins[30,
36] and calixarenes[37] have been fabricated and were proven to exhibit large WCA
changes modulated by light on rough or patterned surfaces.

As one of the largest macrocyclic hosts, cucubit[8]uril (CB[8]) can simultaneously
accommodate up to two guest molecules within its hydrophobic cavity, in particular
an electron poor paraquat (MV+2) and electron rich E-azobenzenes, forming a
heteroternary photoswitchable complexs[38, 39]. A practical translation of this rich
CB[8] host-guest chemistry to the surface confined systems, yielded functional,
photoresponsive interfaces for the immobilization of micelles[40], coloids[41], polymer
brushes[31], memory deivces[42] or light-modulation of adhesive properties[43,
44].Scherman et. al. showed that irradiation of the binary complex of azobenzenes,
bearing an adjacent cations, and MV+2 CB[8] leads to expulsion of MV+2 from the CB[8]
cavity due to much higher binding affinity of cationic Z−azobenzenes to CB[8] than that
of MV+2 to CB[8][45].

Inspired by this pioneering work, we considered this type of switchable inclusion
complexes suitable candidates for fabrication of photoresponseive SAMs. In this
chapter, we present, a simple design of a novel CB[8] guest comprising a cationic
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azobenzene photoswitch and a paraquat moiety connected with tetraethyleneglycol
to thiol anchoring group for suface modification. We envisioned that the hydrophilic
tetraethylenglycol chain would orient the thread vertically to the relatively hydrophobic
gold surface, while the bulky CB[8] would provide the free volume essential for effective
switching in the surface confined system (Figure 6.1).

6.2. RESULTS AND DISCUSSION
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Figure 6.1 Schematic illustration of the design, structure and photoswitching of the trityl-protected
azobenzene thread (E−2) (left panel) and photoswitching of the supramolecular photoresposive host-guest
complex with E-2⊂CB[8] (right panel). The DFT optimized structures (M06-2X def2-TZVP (see appendix 7.4
for details) with SDM solvation model for wateer) of model photoswitchable supramolecular complexes (left
lower panel).

6.2.1. PHOTOCHEMICAL ISOMERIZATION STUDIES IN SOLUTION

The photochemical E→Z isomerization of the E−2 ⊂CB[8] (Figure 6.2 (a),(c)) complex
as well as of the trityl-protected thread E−2 (Figure6.2) alone were studied in solution
by 1HNMR by UV/Vis absorption spectroscopies. As expected, in the absence of
CB[8], the bare thread shows the typical isomerization behaviour of azobenzene
photoswitches (Figure 6.2 (b)). In the UV/Vis absorption spectra, irradiation of the
aqueous solution of E−2 at 365 nm led to a gradual decrease in the absorbance at
355 nm with a concomitant increase in the absorbance at 455 nm, in line with the
E→Z isomerization of the azobenzene moiety (Figure 6.2 (b), red spectrum). The
complementary Z→E isomerization could be achieved upon irradiation of Z−2 at
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455 nm, which led to a gradual recovery of the original UV/Vis absorption (Figure 6.2 (b),
blue spectrum).Reversible E-Z photoswitching of the bear thread could be performed for
at least five cycles by alternating UV-Vis irradiations without any appreciable amount
of fatigue (Figure 6.2 (b), inset). The composition of the photostationary state (PSS)
mixtures formed upon sufficient irradiation at both wavelengths was determined from
the 1HNMR spectra. It was found that the E→Z photoisomerization of the bare thread
proceeds almost quantitatively (PSS365 95:5 of Z−2 :E−2), while the irradiation at 455 nm
gives rise to a slightly lower ratio of configurational isomers (PSS455 72:28 of Z−2 :E−2).

In the aqueous solution, the inclusion complex E−2 ⊂CB[8] was found to form
almost immediately upon mixing of the E−2 thread with CB[8]. In fact, 1HNMR
spectroscopy revealed a significant upfield shift of the resonances ascribed to the
aromatic protons of the paraquat and azobenzene moieties of the thread, consistent
with the encapsulation of both these moieties in the hydrophobic interior of the CB[8]
cavitand (Figure 6.2 (a), red spectrum, red and blue dashed lines respectively). When
irradiated at 365 nm, the E−2 ⊂CB[8] host-guest complex showed a similar signature of
the photoswitching behavior in the UV/Vis absorption spectrum as the free E−2 thread,
namely a gradual decrease in the absorbance at 355 nm accompanied by small increase
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Figure 6.2 2. (a) Comparison of the 1H NMR spectra (400 MHz, D2O, MeOH-d4) of bare thread E−2
(black spectrum), complex E−2 ⊂CB[8] (red spectrum), photostationary state mixture obtained by sufficient
irradiation at 365 nm of E−2 ⊂CB[8] (PSS365, blue spectrum), and photostationary state mixture obtained by
sufficient irradiation at 365 nm of E−2 ⊂CB[8] (PSS455, green spectrum). The dashed lines indicate changes
in chemical shift of resonances ascribed to paraquat (red, dashed lines), azobenzene (blue, dashed lines) and
methylene adjacent to thioether (yellow, dashed lines) protons. (b) Changes in UV/Vis absorption spectrum
E−2 (black spectrum), after irradiation at 365 nm (PSS365, red spectrum) and after consecutive irradiation with
455 nm (PSS455, blue spectrum). (c) Changes in UV/Vis absorption spectrum E−2 ⊂CB[8] (black spectrum),
after irradiation at 365 nm (PSS365, red spectrum) and after consecutive irradiation with 455 nm (PSS455, blue
spectrum). The insets show the absorbance during multiple irradiation cycles.
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in the absorbance at 455 nm, pointing to the E→Z isomerization of the azobenzene
moiety encapsulated by CB[8] (Figure 6.2 (c)). In the 1HNMR spectrum, irradiation
at 365 nm of the aqueous solution of the E−2 ⊂CB[8], (Figure 6.2 (a), blue spectrum)
resulted in a significant downfield shift of the resonances of the protons ascribed to the
paraquat moiety towards the positions observed for the bare thread (Figure 6.2 (a), black
curve, red, dashed lines). This leads to the conclusion that formation of the Z-2⊂CB[8]
complex entails expulsion of the paraquat moiety from the cavitand.

The complementary Z→E isomerization could be achieved through irradiation at
455 nm, which led to a gradual recovery of the E−2 ⊂CB[8] complex, as proven by the
UV/Vis absorption and 1HNMR spectra (Figure 6.2 (a), green spectrum). The reversible
E→Z photoswitching of the supramolecular complex could be performed for at least
five cycles by alternating UV and Vis irradiation without any appreciable sign of fatigue,
as demonstrated by the intensity change of the 355 nm absorption during alternate
illumination with 365 nm and 455 nm light shown as inset in the bottom right. From
the composition of the photostationary state (PSS) mixtures (PSS365 ratio of 74 : 26
of Z-2⊂CB[8]: E−2 ⊂CB[8]) the E→Z isomerization of the encapsulated azobenzene
thread was found to proceed with lower efficiency than that of the bare thread, while
the complementary Z→E photoisomerization resulted more selective, giving rise to the
much higher PSS ratio (PSS455 ratio of 10 : 90 of Z-2⊂CB[8]: E−2 ⊂CB[8]). Having
established that in solution the photoisomerization of both bare and encapsulated
threads proceeds in the same fashion and that the paraquat moiety moves in and
out of the CB[8] host when stimulated by light, we undertook the fabrication of the
photoresponsive supramolecular surface.

6.2.2. SURFACE FUNCTIONALIZATION

Surface functionalization with E−2 is rather challenging compared to the formation of
self-assembled monolayers (SAMs) of simple molecules such as alkanethiols because
these molecules are insoluble in a variety of solvents, and unstable in normal
atmospheric conditions. We therefore prepared all samples under glove box conditions
(1 ppm H2O, 1 ppm O2), and stored them in inert atmosphere before measurements. The
switches were grafted on 100 nm Au deposited on mica (see experimental techniques
for details ). A methanolic solution of E−2 switches was prepared under glove box
conditions by adding a few drops of tetrahydrofuran (THF). The solution was stirred
for 5 min at room temperature before immersing a freshly prepared Au/mica substrate
for 8 h; thereafter the samples were gently rinsed three times with methanol, dried in
an Ar atmosphere and sealed in Ar atmosphere before characterization (sample 1) or
immediately used to form complexes with CB[8]. For the latter, an aqueous dispersion
of CB[8] was prepared in degassed DI water (resistivity >18 M Ω*cm) and sonicated
for 40 min before immersing the freshly prepared sample 1 for 5 min. Afterwards, the
sample was rinsed with DI-water and dried under Ar atmosphere. These samples were
either irradiated by white light (sample 2) or UV light (sample 3) in order to produce the
conformations sketched in Figure 6.3 left panel - before being measured.

We used X-ray photoelectron spectroscopy (XPS) to check the integrity of the
molecules on the two gold surfaces (sample 1 and sample 2) and to follow the changes
in conformation induced by irradiation in order to verify whether the model (sample 3)
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Figure 6.3 Right: Molecular structure of the photoswitchable azobenzene functionalized thread (E−2), and
of cucurbit[8]uril (CB[8]). Left: Schematic diagram of the molecules (E−2 ⊂CB[8]) attached to the Au surface;
under visible irradiation the photo-switchable molecules have cis form, and hence paraquat inserted inside the
CB[8] cavitand while under UV radiation the molecule undergoes the transition to the trans form (Z-2⊂CB[8])
and the paraquat moity is expelled from the CB[8] cavity.

presented in Figure 6.3 is indeed correct. Nitrogen is present in both guest (E−2 thread)
and host (CB[8]) molecules.Figure 6.4 (a),(b), and (c), presents the N1s core level spectra
of sample 1, 2, and 3, respectively. The spectrum of sample 1, where the bare thread is
grafted onto Au(111), comprises three distinguishable components (Figure 6.4 (c)); the
first one at a binding energy of 399.8 eV [46], corresponds to nitrogen in the azobenzene
moiety, Nazo , whereas the lower charge density on N+ in the pyridinium moieties, Npqt ,
gives rise to the component at 401.0 eV[12, 47]. The third component at 402.3 eV can
be attributed to N+ in the five membered ring in imidazolium, Ni mz , where the charge
density around the photoemitting nitrogen is lowest. These components contribute with
40±2% (Nazo), 22±3% (Npqt ) and 37±3% (Ni mz ) to the total N1s spectral intensity. The
additional component at a binding energy of 400.2 eV[48], detected in the spectra of
sample 2 and 3 (presented in Figure 6.4 (b) and (a)), corresponds to N in an carbaminde
group and confirms the presence of CB[8] moieties on these surfaces. In sample 2, Nazo

peak sifted by 0.8 eV toward lower binding energy, because of hydrophobic interaction
with the CB[8] core. Differences in intensity of the nitrogen components observed for
sample 2 and 3 (Figure 6.4 (a) and (b)) will be discussed below in the section on the
switching mechanism.

Figure 6.5 presents the C1s, S2p and I3d XPS spectra of sample 1nd 2. The C1s
spectrum of sample 1 (Figure 6.5 (b)) consists of three distinct components, one
at a binding energy of 285.1 eV[49], originating from C-C bonds, a second one at
287.4 eV[50][51], corresponding to C-O-C bonds and a relatively broad one (with a full
width at half maximum of 0.6 eV) at 286.4 eV[49], which stems from C=N-C, C-S and C-O
bonds. After sample 1 was exposed to CB[8] additional components at 287.9 eV[52] and
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Figure 6.4 Left panels: XPS spectra of the N1s core level region collected from (c) a gold surface
functionalized,with the azobenzene thread, sample 1; (b) the same surface after further modification with
CB[8] and irradiation with visible (Ê 455nm) light, sample 2; and (a) the sample of spectrum (b) after
irradiation with 365 nm light, sample 3. Right panels: Contact angles measured on the samples 1, 2 and 3,
whose respective XPS are shown in the left panels and sketches of the presumed surface conformation of the
grafted molecules in each case.

289.4 eV[48] appear in the C1s spectrum, testifying to the presence of N-(C=O)-N, and
C-N-C species (Figure 6.5 (a)), and hence confirming that CB[8] adsorbed on the surface
of sample 2.

The S2p core level spectra (Figure 6.5 (c) and (d)) consist of two doublets peaked at
161.8 eV[53] and 163.6 eV[12], which correspond to chemisorbed sulfur and disulphide
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Figure 6.5 XPS spectra of the C1s, S2p and I3d core level regions collected from collected from (bottom panel)
a gold surface functionalized,with the azobenzene thread, sample 1; (top panel) the same surface after further
modification with CB[8] and irradiation with visible (Ê455 nm) light, sample 2.

bonds, respectively. The relative S2p photoemission intensity of sulfur in disulfide bonds
changed from 20±2% to 48±3% after we functionalized sample 1 with CB[8] in water
(Figure 6.5 (c)). The I3d core level spectra (Figure 6.5 (e) and (f)) confirm the presence
of the iodine anion on the azobenzene functionalized thread after grafting to the gold
surface (sample 1) and after further functionalization with CB[8] and testify to the
thread’s integrity.

From the XPS spectra we can therefore conclude that our surface functionalization
protocol was successful, resulting the adsorption of the E−2 switches on the Au(111)
surface and the successive attachment of CB[8]. In the following we examine our
evidence for CB[8] being actually threaded onto the E−2 switch and for the light-induced
switching leading to the conformational changes sketched in Figure 6.3.

6.2.3. MECHANISM OF SURFACE SWITCHING

The theoretical length of the bare thread is 42 Å , whereas the length deduced from the
attenuation the Au4f signal in the XPS spectrum of the E−2 molecules on the surface
was 8.0±0.2 Å . This thickness of the molecular film on top of the gold surface in
sample 1 clearly indicates that the molecules are not tightly packed. The presence of
the PEG chains may lead to a glassy phase structured like polymer brushes[54]. The
molecular structure of CB[8] translates into a height of 9 Å [38] for the guest molecules,
whereas the thickness of the surface-anchored the host-guest complex as deduced
from the attenuation the Au4f signal in the XPS spectrum was 18.0 ±0.6Å . In other
words, the modification of sample 1 with the guest molecule and irradiation with visible
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(Ê455 nm) light resulted in sample 2 with an around ≈11 Å thicker adsorbate layer than
sample 1, which is more than the height of the CB[8] molecules. To understand this
conformational change we resorted to contact angle measurements, keeping in mind,
as already mentioned earlier, that the CB[8] molecules have a hydrophobic core and
a hydrophilic top outer rim. The images of water droplets on the various surfaces are
shown in the right panel of Figure 6.4, where also the measured contact angle and the
proposed structure are reported; the measured contact angles are also summarized in
Table6.1 below. The water contact angle of sample 1 was 59±2◦ at room temperature
(see Figure 6.3, right panel), which agrees with a conformation like the one sketched in
Figure 6.4, where the hydrophobic paraquat moieties are partially folded back. When
sample 1 is exposed to the host molecules, these hydrophobic moieties can bind to
the hydrophobic cavity of CB[8], as observed by NMR for the molecules in solution
(Figure 6.2). The water contact angle of sample 2 was measured to be 41±3◦ (Figure 6.4,
right panel, center), which indicates that sample 2 has a more hydrophilic surface than
sample 1 and supports the conformation drawn in Figure 6.3 (left panel, E−2 ⊂CB[8])
and Figure 6.4, where the CB[8] molecules arrange such that the hydrophilic top outer
rim is facing away from the gold substrate, the azobenzene is in the cis form and the
paraquat moieties inserted inside the cavitand. As sketched in Figure 6.3 for sample 2
these results also suggest that the molecular thread orients more perpendicular to the
Au surface when CB[8] is present.

Table 6.1: The water contact angle measurement after Vis (Ê455 nm) and UV (365 nm) irradiation of different
samples prepared on Au(111)

Sample name Droplet size 0.5 µl Droplet size 1.0 µl

Sample 1 after
irradiation with visible light

61±3◦ 59±3◦

Sample 1 after
irradiation with UV light

58±2◦ 59±2◦

Sample 2 45±2◦ 41±3◦

Sample 3 60±3◦ 58±2◦

After irradiation with 365 nm, UV light to produce the configuration sketched in
Figure 6.3, the water contact angle changed to 61±2◦, and the adsorbate layer thickness
increased to 21.5±03 Å , in agreement with a conformation change as shown in Figure
6.4, (right panel top), where the azobenzene moiety underwent a cis to trans isomerism
and the paraquat moiety was expelled from the cavity and exposed on the surface.
The dynamic changes in the film thickness between sample 2 and sample 3 are only
possible because the hydrophobic gold surface forces the lower hydrophilic PEG part of
the thread to extend out from the surface, thereby also causing the hydrophobic part of
the molecule to be available for threading by the cavitand as shown in Figure 6.3. In fact,
the overall design of CB[8] molecules with their hydrophobic core and hydrophilic outer
rim is such that various hydrophobic-hydrophilic interactions are possible giving rise
to the conformational change, which results in the ≈20◦ water contact angle change in
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response to irradiation with UV light. The summary of the contact angles of the different
surfaces measured with different volume of the water droplet, reported Table6.1, shows
that the ≈20◦ water contact angle change was reproducible for different samples.
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Figure 6.6 Switching cycles of E−2 ⊂CB[8] anchored on A(111) surface, monitored via contact angle of a 1µL
water droplet, measured after each alternate irradiation with 365 nm (UV) and Ê455 nm (Vis) light

(Ê455 nm)

We also studied the reversibility of the switching by measuring the water contact
angle; the results during various switching cycles are shown in Figure 6.6. Sample 2 with
a contact angle of 45±2◦ was first irradiated with 365 nm UV light to generate sample
3 with a contact angle of 62±3◦. Irradiation with (Ê455 nm) visible light reverses the
surface back to the initial conformation as seen from the contact angle of 46±3◦, but if
the alternate irradiations are continued, fatigue sets[55] in after the second cycle and the
contact angle change becomes much less (see in Figure 6.6).

6.3. CONCLUSION
In summary, we synthesized a new supramolecular switch and demonstrated that it
changes its conformation when stimulated by light both in solution when anchored to
a surface. The switching behavior of the host–guest complex was carefully analyzed by
1HNMR and UV/Vis absorption spectroscopy in solution as well as by XPS and contact
angle measurements on the surface. In solution complex formation and multiple
switching without any fatigue could be demonstrated. On the gold surface the E−2
switch adsorbs integer but forms a glassy disordered phase, rather than a densely
packed self-assembled monolayer. However surface switching could be proven by
the water contact angle change. The E−2 switch on the surface can be efficiently
functionalized with CB[8], and the complex shows a clear switching behavior under UV
irradiation, which results in a water contact angle change of 20◦. Most interestingly,
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the switch is fully reversible under irradiation with visible light during fist cycle and
the initial hydrophobicity of the surface is recovered. Moreover the observed changes
in the thickness of the adsorbate layer upon illumination demonstrate that this surface
mounted supramolecular system shows unprecedented dynamical behavior. In detail,
the paraquat fragment moves out of the CB[8] macrocyle and threads back into it under
alternate irradiation with UV and visible light, respectively.
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7
APPENDIX

7.1. GENERAL PROCEDURE OF SYNTHESIS OF ESTERS (GP)
A round-bottom flask was charged with (±)α-lipoic acid (400 mg, 1.94 mmol, 1 eq.),
DMAP (284 mg, 2,33 mmol, 1.2 eq.) and 15 ml of dry DCM was added. Next, alcohol
was added (2,33 mmol, 1.2 eq.) to the reaction mixture. Subsequently, a suspension
of N−(3−Dimethylaminopropyl)−N−ethylcarbodiimide hydrochloride (EDCI·HCl) (446
mg, 2,33 mmol, 1.2 eq.) was added dropwise and the reaction was stirred for 16 h at room
temperature. The reaction mixture was diluted with EtOAc (50 ml), washed with HClaq
(1M, 20 ml), twice with water (2 x 20 ml), saturated NaHCO3 aq (20 ml), brine (20 ml) and
dried over MgSO4 and concentrated in vacuo to afford appropriate crude ester.

S S

O

OH 1. ROH, DMAP, DCM
2. EDCI HCl, DMF, RT, 16h

S S

O

OR

C1 R=CH3 96%
C5 R-C5H11 79%
C9 R-C9H19 87%

Figure 7.1 General scheme of synthesis of esters of (±)α-lipoic acid.

Methyl 5-(1,2-dithiolan-3-yl)pentanoate (C1): The product C1 was obtained
according to GP2, pure after extractions, as a pale yellow oil (410 mg, 1.86 mmol, 96%).
1HNMR (400 MHz, CDCl3) δ 3.67 (s, 3H), 3.63 – 3.51 (m, 1H), 3.24 – 3.06 (m, 2H), 2.46

Molecules were synthesized[1] by Wojciech Danowski, (PhD from stratingh institute for chemistry, university
of Groningen)
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(dq, J = 12.5, 6.4 Hz, 1H), 2.33 (t, J = 7.4 Hz, 2H), 1.91 (dq, J = 13.7, 6.9 Hz, 1H), 1.68 (tdd,
J = 14.9, 9.7, 7.3 Hz, 4H), 1.57 – 1.36 (m, 3H). 13C NMR (100 MHz, CDCl3) δ HRMS (ESI)
calcd C9H16O2S2 [M+H]+ 518.0914, found 518.0920

Pentyl 5-(1,2-dithiolan-3-yl)pentanoate (C5) The crude product C5 was obtained
according to GP2 and purified by flash column chromatography (SiO2, pentane/EtOAc)
to afford as a pale yellow oil (424 mg, 1.53 mmol, 79%). 1HNMR (400 MHz, CDCl3) δ 4.06
(t, J = 6.7 Hz, 2H), 3.57 (dq, J = 8.3, 6.4 Hz, 1H), 3.26 – 3.03 (m, 2H), 2.46 (dtd, J = 12.9,
6.6, 5.4 Hz, 1H), 2.31 (t, J = 7.4 Hz, 2H), 1.91 (dq, J = 12.6, 6.9 Hz, 1H), 1.78 – 1.59 (m, 6H),
1.53 – 1.41 (m, 2H), 1.33 (dq, J = 7.5, 3.5 Hz, 4H), 1.01 – 0.82 (m, 3H). 13C NMR (100 MHz,
CDCl3) δ 173.4, 64.4, 56.2, 40.1, 38.3, 34.5, 34.0, 28.6, 28.2, 27.9, 24.6, 22.2, 13.8 HRMS
(ESI) calcd C13H24O2S2 [M+H]+ 518.0914, found 518.0920

Nonyl 5-(1,2-dithiolan-3-yl)pentanoate (C9): The crude product C9 was obtained
according to GP2 and purified by flash column chromatography (SiO2, pentane/EtOAc)
to afford as a pale yellow oil (561 mg, 1.69 mmol, 87%). 1HNMR (400 MHz, CDCl3) δ 4.06
(t, J = 6.7 Hz, 2H), 3.57 (dq, J = 8.3, 6.4 Hz, 1H), 3.23 – 3.07 (m, 2H), 2.46 (dtd, J = 13.0, 6.6,
5.4 Hz, 1H), 2.31 (t, J = 7.4 Hz, 2H), 1.91 (dq, J = 12.7, 6.9 Hz, 1H), 1.78 – 1.55 (m, 6H), 1.46
(dddd, J = 15.1, 13.3, 7.4, 4.1 Hz, 3H), 1.35 – 1.24 (m, 11H), 0.93 – 0.84 (m, 3H). 13C NMR
(100 MHz, CDCl3) δ 173.4, 64.4, 56.2, 40.1, 38.3, 34.5, 34.0, 31.7, 29.3, 29.1, 29.1.

7.2. CYCLIC-DTT
DL-1,2-Dithiane-4,5-diol : DL-dithiothreitol (2.0 g, 12.9 mmol) was dissolved in DMSO
(1.1 g, 14.3 mmol, 1.1 ml) in an open flask and heated with stirring at 110◦C for
3 h. Next the mixture was cooled to RT upon which the mixture solidified. The
solid was crushed, suspended in ether, sonicated and filtrated. The crude product
(DL-1,2-Dithiane-4,5-diol) was crystalized from chloroform to afford product as a white
solid (1.1 g, 7.3 mmol, 51 % ). Spectroscopic data was in agreement with literature.1
1HNMR (400 MHz, DMSO-d6) δ 5.21 (d, J = 3.5 Hz, 2H), 3.40 – 3.30 (m, 2H), 3.04 (dd, J =
12.8, 2.4 Hz, 2H), 2.73 (dd, J = 13.4, 9.1 Hz, 2H).

SH

HS

HO

OH

S S

HO OH

DMSO

Figure 7.2 Schematic of synthesis of cyclic-DTT.
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7.3. AZOBENZENE THREAD
(E)-1-(6-(1-(4-(4-(2-(2-(2-(2-mercaptoethoxy)ethoxy)ethoxy)ethoxy)phenyl)diazenyl)
benzyl)-1H-imidazol-3-ium-3-yl)hexyl)-1-methyl-(4,4-bipyridinium triiodide.[1]

A round-bottom flask was charged with 2PF6 (300 mg, 0.21 mmol, 1 eq.), and the dry
DCM (10 mL) was added. Subsequently, Et3SiH (498 mg, 4.28 mmol, 0.73 mL 20 eq.) and
TFA (244 mg, 2.14 mmol, 0.16 mL 10 eq.) were added. The reaction mixture was stirred at
rt for 2 h and concentrated in vacuo. The resulting solid was dissolved in MeCN/Toluene
(1/1 v/v, 5 mL) and Bu4NI (508 mg, 1.28 mmol, 6 eq.) in MeCN (3 ml) was added to
precipitate the iodide salt. The resulting suspension was filtered, washed with toluene
and dried in vacuo to afford 1I as an orange solid (199 mg, 0.18 mmol 82%). The pure
product was stored at 17◦C in a glove box. 1HNMR (600 MHz, DMSO-d6) δ 9.43 – 9.35
(m, 3H), 9.29 (d, J = 6.5 Hz, 2H), 8.84 – 8.73 (m, 4H), 7.93 – 7.84 (m, 6H), 7.65 – 7.56 (m,
2H), 7.21 – 7.11 (m, 2H), 5.54 (s, 2H), 4.68 (t, J = 7.4 Hz, 2H), 4.45 (s, 3H), 4.27 – 4.12 (m,
4H), 3.78 (tq, J = 7.1, 3.9, 3.4 Hz, 2H), 3.69 – 3.44 (m, 10H), 2.66 – 2.57 (m, 2H), 2.28 (t, J =
8.1 Hz, 1H) 1.98 (p, J = 7.3 Hz, 2H), 1.83 (p, J = 7.4 Hz, 2H), 1.49 – 1.26 (m, 4H). 13C NMR
(151 MHz, DMSO-d6) δ 162.0, 152.5, 149.0, 148.5, 147.1, 146.5, 146.2, 137.6, 136.7, 129.9,
127.0, 126.5, 125.2, 123.4, 123.2, 115.6, 72.6, 70.4, 70.3, 70.2, 70.0, 69.9, 69.3, 69.1, 68.2,
61.2, 52.0, 49.4, 48.6, 31.0, 29.5, 25.4, 25.3, 23.9. %HRMS (ESI) calc.d C41H53N6O4S3

+

[M-3I-]3+ 241.7942, found 241.7944.
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Figure 7.3 Schematic of synthesis of azobenzene thread
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Conformational space was explored using Grimme’s Conformer-Rotamer Ensemble
Sampling Tool (CREST)[2] based on the GFN2-xTB method as implemented in the xTB
code (version 6.1 beta)[3, 4]. In these calculations, solvation effects were mimicked using
the Generalized Born with Solvent Accessible Surface Area model (GBSA),[5] modelling
water. Geometries were then further optimized using Grimme’s GFN2-xTB method7,[4]
(very tight convergence criteria) and frequency calculations were performed to obtain
thermodynamic corrections. Single energy point calculations were recomputed at
these geometries using TPSS,[6] PW6B95[7] in combination with the D3-BJ dispersion
correction,[8, 9] and M06-2X[10] density functionals with the def2-TZVP[11] basis set. In
addition, the HF-3c[12] and PBEh-3c[13] methods were also tested. The SMD solvation
model was used for the single point energy calculations[14]. Results are presented in
Table 7.1. RIJCOSX was used to accelerate the calculations with hybrid functionals[15].
These calculations were carried out using the electronic structure code ORCA Version
4.1.1[16, 17]. The photochemically switching from the ’tran’ to the ’cis’ form leads
to expulsion of the paraquat fragment from the macrocyclic CB[8] unit. In order to
probe what the origin of this behaviour is we conducted a computational study. For
this purpose we optimised the full system featuring the azobenzene unit tethered to
the paraquat inside CB[8] both in the ’tran’ and ’cis’ conformations using Grimme’s
GFN2-xTB method[3, 4]. In these calculations, solvation effects of water were mimicked
with the Generalized Born with Solvent Accessible Surface Area model (GBSA)[5]. As
the tethered chain is flexible, we explored the conformational space using Grimme’s
CREST algorithm[2], considering both ’tran’ and ’cis’ conformations of azobenzene with
the paraquat unit inside the CB[8] unit. For the ’tran’ configuration, we found that
the ensemble of identified low-energy conformers placed the paraquat inside the CB[8]
unit. For the ’cis’ configuration, an ensemble of structures was obtained where some
of the structures featured the paraquat fragment inside and some outside of the CB[8]
unit. Geometries of the lowest energy conformation for the ’tran’ isomer and the ’cis’
isomers (cis-in and cis-out) were then further refined using the GFN2-xTB method[3, 4]
and frequency calculations were performed to obtain thermodynamic corrections. To
obtain more accurate electronic energies based on these structures we carried out
single point energies calculations with the M06-2X[10] functional in combination with
the def2-TZVP[11] basis set and the SMD solvation model for water[14]. From these
calculations we find that the structure with the azobenzene unit in the ’tran’ form
and the paraquat fragment inside the CB[8] unit is energetically most favourable. The
’cis’ forms are energetically less favourable by 14.2 kcal mol−1 and 14.0 kcal mol−1 for
cis-in and cis-out, respectively. The energetic difference between the ’tran’ and ’cis’
forms reflects for the most part the energetic difference that is found for the simple
isomerisation for simple azobenzene itself. The energetic difference between the ’cis’
conformers themselves is small (see also Table 7.1) and based on the experimental
data this difference would be expected to be slightly larger, yet these results are within
the expected accuracy for the computational method used. We next addressed the

Theoritical calculations were performed by Dr. Laura Nunes dos Santos Comprido, stratingh institute for
chemistry, university of Groningen)
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question how the interaction between the CB[8] unit and the azobenzene/paraquat
unit(s) change upon transitioning from ’tran’ to ’cis’, which ultimately leads to ejection of
the paraquat fragment. For this purpose we computed the deformation energies of the
CB[8] macrocycle for the ’cis’ conformers with respect to the ’tran’ conformation. These
energy differences are small, 0.5 and 1.1 kcal mol−1 for cis-in and cis-out, respectively.
We can conclude that the change from a ’tran’ to a ’cis’ conformation(s) and the ejection
of the paraquat fragment are not induced by an increase in strain of the CB[8] unit. The
deformation energies for the fragments void of the CB[8] macrocycle are 11.0 and 8.8
kcal mol−1 for cis-in and cis-out when referenced to the ’tran’ conformation, thus making
it favourable to release the paraquat unit. Notably, this energy difference is not fully
translated to the difference found for the full isomers. When we compute the interaction
energy between the inner fragment and CB[8] we find that this difference is in part
compensated by more favourable noncovalent interactions which lead to interaction
energies of -11.5 and -7.7 kcal mol−1 for cis-in and cis-out, respectively. We can therefore
expect that especially solvation, which we modelled here only crudely with an implicit
solvation model, can be used to control the position of the paraquat unit upon switching
between ’tran’ and ’cis’ conformations of the azobenzene unit.

Table 7.1: Energetic evaluation (∆G298.15 in kcal mol−1) at different levels of theory for the obtained structures.

HF-3c/SMD
TPSS-D3BJ/
def2-TZVP/
SMD

PBEh-3c/
SMD

PW6B95-
D3BJ/def2-
TZVP/SMD

M06-2X/def2-
TZVP/SMD

TRANS 0.0 0.0 0.0 0.0 0.0
CIS-IN 8.1 11.9 15.2 14.2 14.2
CIS-OUT 7.2 16.2 13.4 14.9 14.07
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Figure 7.4 DFT optimized structures (M06-2X def2-TZVP with SDM solvation model for water) of model
inclusion complexes featuring both E-azobenzene and paraquat moiety encapsulated by CB[8] (left panel)
and Z-azobenzene encapsulated by CB[8] with paraquat moiety expelled from cavitand (right panel).

Figure 7.5 DFT optimized structures (M06-2X def2-TZVP with SDM solvation model for water) of model
inclusion complexes in cis-in conformation
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SUMMARY

Switching surfaces, also called smart surfaces, can change their properties in response
to external stimuli such as light, electrical potential, pH and heat. The transformation of
an ordinary surface into a smart surface can be achieved by functionalization of a parent
surface (substrate) with functional molecules. In this dissertation photoresponsive
smart surfaces were obtained by immobilizing monolayers of light active molecules
(molecular switches) on the substrate. Light as external stimulus triggers reactions
in these molecules, which, depending on the specific molecule, induce rotation,
isomerization and/or bond breaking. These changes influence the surface properties,
such as light absorption, fluorescence, conductivity, wetting and adhesion.

We proceeded through three basic steps: first the molecules were studied in solution
where they have more degrees of freedom. Their switching behaviour was investigated
and the reversibility of the switching during multiple back and forth switching cycles was
studied. Once the molecular switching in solution was understood, the next step was to
immobilize the switches on a metallic substrate in the form of a single molecular layer,
to check that a monolayer is indeed formed and to characterize the properties of the
molecules in the self-assembled monolayer (SAM) as well as of the surface as a whole. In
other words, the goal of the second step was to study the functionality of the molecular
monolayer on a surface, where the molecules are densely packed and in proximity of
the metallic substrate. Comparison of the molecular behaviour in solution and in a
monolayer allowed us to understand whether or not the switching function was affected
by surface immobilization and by interactions with neighbouring molecules. When the
properties of these molecules were well understood and optimized on metallic surfaces,
the last step was to develop an electronic device. In this thesis we used monolayers of
molecular switches to make a memory device, which is able to encode information on
the surface.

The state of the art of conductivity switching for light responsive molecules is
presented in Chapter 3. We successfully fabricated a monolayer spiropyran switches
between two electrodes and demonstrated a change in conductivity of the SAM
light induces the ring-closed form of spiropyran (SP) to convert into the ring-open
merocyanine form (MC) by photoisomerization. Spiropyran monolayers were found to
undergo also secondary reactions during the switching cycle due to the steric congestion
on the gold surface. To solve this problem we developed a protocol to assemble a
mixed monolayer where the spiropyrans are separated by 1 hexanethiol molecules.
We observed an increase in the magnitude of conductance switching, from a factor
of 8 in pristine SAMs to 35 in mixed monolayer (mixed SAMs), accompanied by a
decrease in fatigue when repeatedly switching SP→MC→SP. We attributed the superior
performance of the mixed SAMs to an optimized packing of the spiropyrans at the
electrode interface.

In Chapter 4, a photochemical nonvolatile memory device is described. The
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integrity of the molecules in the device was verified by X-ray photoelectron spectroscopy
(XPS). Locking of the spiropyrans in the MCH+ form by acid is well studied in solution.
We successfully translated this methodology to metallic electrodes, showing for the first
time that mixed monolayers of spiropyran can be locked in a high-conductance state by
forming MCH+ on the surface. This process circumvents the spontaneous relaxation of
MC back to SP , which we exploited optically switchable, non-volatile memory device.
We showed that exposure to acid, base, light and applied bias does not damage the
monolayers nor promote any side reactions, meaning that there is no fundamental
limit to the reversibility of the process. We demonstrated reading, writing, erasing,
re-writing and re-reading six bytes (48 bits) in simple, soft punch card devices, and
thereby provided the proof-of-concept for future devices, which could be miniaturized
using arrays of nanoscale tips to couple in the light.

For the work in Chapter 3, we used molecules comprising a five membered ring with
a disulphide bond (S–S) for surface grafting. We observed that the conductivity was lower
for pure spiropryran monolayers having multiple sulfur species as anchoring groups
than for mixed SAMs of molecules that bind with a single Au–S bond. Therefore, in
Chapter 5 we investigated the S–S bond on the gold surface and its effect on conductivity
measurements when used as an anchoring moiety. For this purpose, we used derivatives
of (±α)-lipoic acid of different lengths, for which we could deduce the transmission
coefficient (β) and injection current density. The thickness measurements by XPS and an
unusual β value (0.01 Å−1) indicated that pure monolayers were poorly ordered on the
surface. For mixed monolayers, the β value (0.53 Å−1) confirmed that molecules were
better packed on the gold surface. Moreover, differences in the injection current density
of mixed and pure SAMs also corroborate that the coupling of Au–S bonds can affect the
conductivity.

The last topic treated in this dissertation concerns not conductance switching
but surface polarity switching, with the help of a heteroternary photoswitchable
complex immobilized on a substrate. We employed one of the largest macrocyclic
hosts, cucubit[8]uril (CB[8]), which can simultaneously accommodate up to two guest
molecules within its hydrophobic cavity, in particular an electron poor paraquat (MV+2)
and electron rich E-azobenzenes. In Chapter 6, we present a simple design of a
novel CB[8] guest comprising a cationic azobenzene photoswitch and a MV+2 moiety
connected with a tetraethyleneglycol to a thiol anchoring group for surface modification.
The E-azobenzenes switches on the surface can be efficiently functionalized with CB[8],
and the complex shows a clear switching behaviour under UV irradiation, which results
in a water contact angle change of 20◦. Such a large photoswitchable wettability allows
for establishing local surface tension gradients by light and opens a door for the use of
these surfaces in Lab-on-chip technology.
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NEDERLANDSE SAMENVATTING

Omschakelende oppervlakken, ook slimme oppervlakken genoemd, kunnen van
eigenschap veranderen onder extern stimuli zoals licht, elektrisch potentiaal, pH
en warmte. Slimme oppervlak worden gecreëerd met hulp van een substraat
en functionele moleculen. In dit proefschrift wordt verteld over het maken
en bestuderen van lichtgevoelig slim oppervlak gemakt met hulp van monolaag
van licht gevoelig moleculen (molecular switches) op een substraat. Licht heeft
hier de rol van externe stimulus en veroorzaakt een reactie in de moleculen.
Afhankelijk van het type molecuul kan deze reactie verschillende vormen nemen,
zoals rotatie, isomerisatie en/of verbreken van de binding. De verandering in de
moleculen veroorzaakt een verandering in oppervlakte-eigenschap zoals lichtabsorptie,
fluorescentie, geleidbaarheid, bevochtiging en hechting.

Het onderzoek in dit proefschrift was uitgevoerd vervolgd drie stappen met als
eerste het bestuderen van de moleculen in oplossing. In deze omstandigheden hebben
moleculen de hoogste vrijheid van beweging, waardoor dit de ideale conditie is om het
omschakelingsmechanisme te bestuderen.

Nadat de moleculaire omschakeling in oplossing was begrepen, was de volgende
stap om de schakelaars op een metaal substraat te immobiliseren in de vorm van
een monolaag, en te controleren of een monolaag inderdaad gevormd was. Ook de
eigenschappen van de moleculen in de zelfassemblerende monolaag (SAM) configuratie
zijn onderzocht. Met andere woorden, het doel van de tweede stap was om de
functionaliteit van de moleculaire monolaag op een oppervlak te bestuderen, waarbij
de moleculen dicht opeen gepakt zijn en zich in de buurt van het metaal substraat
bevinden. Vergelijking van het moleculair gedrag in oplossing en in een monolaag liet
ons begrijpen of de schakelfunctie al dan niet werd beïnvloed door immobilisatie aan
het oppervlak en door interacties met naburige moleculen.

Toen de eigenschappen van deze moleculen goed begrepen en geoptimaliseerd
waren op metalen oppervlakken, was de laatste stap het ontwikkelen van een
elektronisch apparaat. In dit proefschrift gebruikten we monolagen van moleculaire
schakelaars om een geheugenapparaat te maken, dat in staat is om informatie op het
oppervlak te coderen/opslaan.

De stand van de techniek van geleidbaarheidsomschakeling voor lichtgevoelige
moleculen wordt gepresenteerd in Hoofdstuk 3. We hebben met succes een monolaag
spiropyran-schakeling tussen twee elektroden vervaardigd en een verandering in
geleidbaarheid van het SAM aangetoond. Licht induceert de omzetting van de
gesloten-ring vorm van spiropyran (SP ) in de open-ring vorm van merocyanine
(MC) door fotoisomerisatie. Spiropyran-monolagen bleken ook secundaire reacties
te ondergaan tijdens de schakelcyclus als gevolg van de sterische congestie op het
goudoppervlak. Om dit probleem op te lossen hebben we een protocol ontwikkeld om
een gemengde monolaag samen te stellen waarbij de spiropyrans worden gescheiden
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door 1-hexaanthiol moleculen. We constateerden een toename in de mate van
geleidbaarheidsomschakeling, van een factor 8 in heterogene SAM’s tot 35 in gemengde
monolaag (gemengde SAM’s), gepaard gaand met een afname van vermoeidheid bij
herhaald schakelen van SP→MC→SP. We hebben de superieure prestaties van de
gemengde SAM’s toegeschreven aan een geoptimaliseerde pakking van de spiropyrans
op de elektrode-interface.

In hoofdstuk 4 wordt een fotochemisch niet-vluchtig geheugenapparaat beschreven.
De integriteit van de moleculen in het apparaat werd geverifieerd met behulp van
röntgen fotoelectronspectroscopie (XPS). Vergrendeling van de spiropyrans in de MCH+

-vorm door zuur is goed bestudeerd in oplossing. We hebben deze methodologie met
succes vertaald naar metaalelektroden, waarbij voor de eerste keer werd aangetoond
dat gemengde monolagen van spiropyran in een hoge geleidingstoestand kunnen
vergrendeld worden door MCH+ op het oppervlak te vormen. Dit proces omzeilt de
spontane relaxatie van MC terug naar SP, dat we optisch schakelbaar, geheugenapparaat
exploiteerden. We hebben aangetoond dat blootstellen aan zuur, base, licht en
elektrische spanning de monolagen niet beschadigt en geen nevenreacties bevordert,
wat betekent dat er geen fundamentele beperking is aan de reversibiliteit van het proces.
We demonstreerden het lezen, schrijven, wissen, herschrijven en opnieuw lezen van
zes bytes (48 bits) in eenvoudige, zachteponskaartapparaten, en leveren daarmee een
proof-of-concept voor toekomstige apparaten, welke geminiaturiseerd kunnen worden
door gebruik van rijen nanoschaal tips om aan het licht te koppelen.

Voor het werk in hoofdstuk 3 hebben we moleculen gebruikt die een vijfledige
ring bevatten met een disulfidebinding (S–S) voor oppervlakte-enting. We hebben
waargenomen dat de geleidbaarheid lager was voor zuivere spiropryran-monolagen
met meerdere zwavelspecies als verankeringsgroepen dan voor gemengde SAM’s van
moleculen die binden met een enkele Au–S-binding. Daarom hebben we in hoofdstuk 5
de S–Sbinding op het goudoppervlak en het effect daarvan op geleidbaarheidsmetingen
onderzocht, wanneer deze binding gebruikt wordt als een verankerende groep. Voor
dit doel gebruikten we derivaten van (±α) -lipoic zuur van verschillende lengtes,
waarvoor we de transmissiecoëfficiënt (β) en de injectiestroomdichtheid konden
afleiden. De diktemetingen door XPS en een ongebruikelijke β-waarde (0.01 Å−1) gaven
aan dat zuivere monolagen slecht geordend waren op het oppervlak. Voor gemengde
monolagen bevestigde de β-waarde (0.53 Å−1) dat moleculen beter waren gepakt op het
gouden oppervlak. Bovendien bevestigen verschillen in de injectiestroomdichtheid van
gemengde en zuivere SAM’s ook dat de koppeling van Au–S-bindingen de geleidbaarheid
kan beïnvloeden.

Het laatste onderwerp behandeld in dit proefschrift betreft niet het schakelen
van geleiding maar het wisselen van oppervlakte-polariteit, met behulp van een
heteroternair fotoschakelend complex geïmmobiliseerd op een substraat. We
gebruikten een van de grootste macrocyclische gastheren, cucubit[8]uril (CB[8]),
die tegelijkertijd plaats biedt aan maximaal twee gastmoleculen in zijn hydrofobe
holte, in het bijzonder het elektronarme paraquat (MV+2) en elektronenrijke E
-azobenzenen. In Hoofdstuk 6 presenteren we een eenvoudig ontwerp van een
nieuwe CB[8] gastheer, bestaande uit een kationische azobenzeen-fotoschakelaar
en een MV+2-groep verbonden met een tetraethyleenglycol aan een verankerende
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thiolgroep voor oppervlakmodificatie. De E-azobenzenes-schakelaars op het oppervlak
kunnen efficiënt worden gefunctionaliseerd met CB[8] en het complex vertoont
een duidelijk schakelgedrag bij blootstelling aan UV-straling, wat resulteert in
een watercontacthoekverandering van 20◦. Een dergelijke grote lichtgevoelige
bevochtigbaarheid maakt het mogelijk om plaatselijke oppervlakspanningsgradiënten
door licht te bepalen en opent de deur voor het gebruik van deze oppervlakken in
Lab-on-chip technologie.
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