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-1-
De depressies in thiolmonolagen op goud die worden waargenomen met STM

zijn gaten in het onderliggende goud gevuld met geordende thiolmoleculen.

Edinger, K.; Golzhiduser, A.; Demota, K.; Will, CH.; Grunze, M Langnudr 1993, 9, 4-8.
Schonenberger, C.; Sondag—Huethorst, J.A.M.; Jorritsma, J.; Fokkink, L.G.J. Langmuir 1994, 10,
611-614.

Dit proefschrift, hoofdstuk 3.

2.
Uit het feit dat bij AFM-metingen aan thiolmonolagen op goud altijd dezelfde
hexagonale struktuur valt waar te nemen, onathankelijk van de diameter van het
molecuul en de struktuur van het onderliggende goud, valt te betwijfelen of
AFM een geschikte methode is om de struktuur van een monolaag te bestuderen.

E.U. Thoden van Velzen, proefschrift TUT 1994
Butt, H.J.; Seifert, K.; Bamberg, E. J. Phys. Chem. 1993, 97, 7316-7320.

-3-
Ondanks het feit dat in de begin jaren 80 al is aangetoond dat schoon goud
hydrofiel is, zijn er nog steeds mensen die beweren dat goud hydrofoob is.

Murphy, O.1.; Wainright, I.S. Langmuir 1989, 5, 515-523.
Delamarche, E.; Michel, B.; Kang, H.; Gerber, Ch. submitted to Langmuir 1994.

-4-
Galvanische metaalafzetting op thiol-bedekte goudelektroden is een gevoelige
en eenvoudige methode om de kwaliteit van de monolaag te testen.

Dt proefschrift, hoofdstuk 8

.5
Het gebruik van di~joodmethaan en 1-broomnaftaleen voor de bepaling van de
dispersieve component van de oppervlakte vrije energie van vast stoffen is niet
zinvol.

Good, RJ. J. Adhesion Sci. Technol. 1992, 6, 1269-1302,




-6-
Het met grote zelfverzekerdheid publiceren van ondermaatse karakteristicken van
lithium—polymeer batterijen resulteert nog niet in een batterij die geschikt is voor
de consumentenmarkt.

Croce, F.; Passerini, S.; Scrosati, B. J. Electrochem. Soc. 1994, 141, 1405-1408,
Passerini, S.; Loutzky, 5.; Scrosati, B. J. Electrochem. Soc. 1994, 141, 1L.80-1.81.

1.
Naast de modeme baby is de moderne promovendus cen grootverbruiker van
papier.

8-
Om de objektiviteit van een "reviewer” van een manuscript te waarborgen is het
verstandig om de naam van de auteur van het artikel weg te laten.

9.
Boerenverstand komt ook in de fysische chemie van pas.

-10-
De enige drijfveer voor de industric om spontaan iets aan milievaktiviteiten te
doen is een economische.

-11-
Het feit dat de Nederiandse radio een handickeningenaktie organiscert tegen
racisme en nationalisme in Duitsland, doet een onderschatting van deze
verschijnselen in Nederland vermoeden.

-12-
Het aantal files neemt niet af door het aanleggen van meer wegen.
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Chapter 1

Introduction

1.1. General introduction

Electrochemistry is widely used in many areas of technology. Typical examples
in daily life are big batteries for starting one’s car or small ones for portable
radios. Rusting is a result of electrochemical processes. Steel of lampposts and
crash barriers is often protected from corrosion by a zinc coating. This protection
is also based on an electrochemical mechanism: the iron can be saved by
sacrificing the less noble metal zinc. Clothing may be made of nylon, a
substance produced by an electrochemical process.

The interest of the electronic industry in electrochemistry concentrates mainly
on metal deposition and etching processes. In the case of metal deposition,
usually flat and homogeneous films or patterns are required. Hence,
understanding of the factors governing the morphology (i.e., the structure} of the
deposit is very important. One of these factors may be the surface properties of
the substrate. In this thesis we systematically study the influence of the surface
tension of the substrate on the morphology of galvanically deposited metal.

A measure of the surface tension is the degree to which the surface is wetted by
a liquid. This degree of wetting is termed the wettability. A surface is
completely wetted by water if the surface tension is high enough. Then water
will cover the surface and form a thin homogeneous film. Such a surface is
called hydrophilic. Low surface tensions result in a poor wettability by water.
On substrates with a low surface tension, also called hydrophobic, the water
forms drops. '

Similar with liquids, the surface tension of the substrate also influences the
morphology of galvanicaily deposited metal: both flat and homogeneous metal
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films or metal "drops" can be formed. Galvanic metal deposition onto a substrate
is only possible if that substrate is a conductor. In order to test the influence of
the surface tension on the morphology of the metal deposit, conducting
substrates with a variety of surface tensions are required. The choice of suitable
substrates is not very wide: the surface tension of most metal substrates is very
high, Substrates with lower surface tensions, like various plastics, are not
suitable because they are non—conducting and can therefore not be used in
galvanic deposition studies.

In this thesis we use a metal surface to have a conducting material, but we apply
an organic coating to lower the surface tension. We chose gold electrodes
modified with a film of alkanethiol melecules. These molecules contain a
sulphur group that forms a chemical bond with gold. In order to be more
flexible, we used functionalized alkanethiols. Their molecular formula is
HS(CH,)
the molecule can be varied. Such molecules form spontaneously an ordered and

., X. The number of carbon atoms and the type of terminal group X of
densely packed monomolecular layer or, for shoit, a monolayer on gold. This
spontaneous process of ordering is called self-assembly. By covering the gold
with a monolayer, the "face” of the electrode changes from metallic to plastic.
This layer is thin enough to transport electrons through the organic layer, yet it
is thick enough to form an inert and stable layer. By variation of the terminal
group X the surface tension of the substrate can be changed and the influence of
the surface tension on the morphology of the metal deposit can be studied
systematically. By manipulating the surface in this way, we open up a new area
of interfacial electrochemistry.

As a basis for the electrodeposition study, we first investigated the influence of
the state of electrification of thiol-modified gold on its wettability by an
electrolyte solution. This may be called potential-dependent wetting or
electrowetting. So far, most electrowetting studies focused on mercury [1]. This
(liquid) metal is hydrophebic. Most of the other (solid) metals do not exhibit
such electrowettability because they are hydrophilic. Changing the potential will
then not result in a measurable change in wettability; the substrate remains
hydrophilic. By applying a monolayer of thiol molecules, gold becomes
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hydrophobic and the electrowetting effect, so far primarily observed with liquid
mercury, becomes relevant for a solid metal.

In order to successfully use these thiol monolayers in controlled electrochemical
studies, the molecular structure of the layer should be known. In this work, we
show that Scanning Tunneling Microscopy (STM) can, under certain
experimental conditions, provide a rather complete molecular (i.e., microscopic)
picture of thiol monolayers adsorbed on gold. Additional information on the
monolayer on a more macroscopic scale is obtained from electrochemical
measurements, like cyclovoltammetry and capacitance measurements.

Before discussing in detail the outline of this thesis, an overview of the literature
on (thiol) monolayers will be given. Hereby we use the title of this thesis
“electrochemical and structural characterization of self-assembled thiol
monolayers on gold” as a guide line. First, an overview of the development of
the research on self-assembied monolayers is presented, followed by the
structural characteristics of self-assembled thiol monolayers on gold.
Subsequently, the state of the art of the electrochemistry of such monolayers is
discussed. In the final section of this introduction the outline and aim of this
thesis are given.

1.2. Self-assembled monolayers

Self-assembled monolayers are molecular assemblies that are formed
spontaneously by immersion of an appropriate substrate into a solution of an
active surfactant in a solvent [2,3]. There are two important requirements to
obtain a self-assembled monolayer. First, the headgroups of the molecules should
form a strong chemical bond with the substrate. Second, the lateral van der
Waals interactions between the alkyl chains should be high enocugh to overcome
the free energy loss due to a reduced entropy.

About 50 years ago, self-assembled monolayers were introduced in a paper by
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Bigelow et al. [4]. These authors showed that a carboxylic acid dissolved in a
non—polar solvent adsorbs onto a hydrophilic surface immersed in this solvent.
When this surface is withdrawn from the solvent, it retains an adsorbed and
ordered layer. In the last two decades many other self-assembling systems have
been studied. These include carboxylic acids on oxidized metal surfaces and
glass [5-8], organosilicon compounds on hydroxylated surfaces such as glass,
quartz, aluminium and silicon [9-12], phosphonates on metallic surfaces [13],
isonitriles on platinum [14], and thiols and disulfides on metal or semiconductor
surfaces, like gold, silver, copper, and GaAs [15-20). The common characteristic
of all these layers is that the molecules form a chemical bond with the substrate.
This may be a covalent Si—O or Au-S bond for alkyltrichlorosilanes on silicon
oxide surfaces or thiols on gold, respectively, or an ionic CO,”"Ag™ bond in the
case of carboxylic acids on silver. In order to obtain an ordered and stable
monolayer the alkyl chains should be sufficiently long. It was found that both
for carboxylic acids on aluminum [7] and for alkanethiol on gold [16,17] a chain
containing more than about 10-12 carbon atoms is required.

1.2.1. Thiol monolayers on gold

Alkanethiol (HS(CH,),_,CH,) monolayers on gold are among the most popular
self—assembling monolayers. Such monolayers can alse be formed on other metal
or semiconductor substrates, like Ag, Hg, W and GaAs {18-21]. On gold, a
covalent Au-S bond is formed. Various methods like ellipsometry, infrared
spectroscopy, X—ray photoelectron spectroscopy, electron and helium scattering,
contact angle measurements, STM, and electrochemical methods have been used
to study self-assembled monolayers. It has been established that long enough
alkanethiol molecules on Au(l1l11) form densely packed, crystalline-like
assemblies with fully extended alkyl chains, which are tilted from the surface
normal by about 30° [16,22]. A schematic representation of such a monolayer
is given in Figure 1.1. Self-assembly occurs when the number # of carbon atoms
in the alkane chain becomes larger than about 10-12 [16,17]. Due to the strong
sulphur—gold interaction, the stracture of the monolayer is not affected when the
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I
3]
I

e

7 = SH

Figure 1.1; Schematic representation of a self-assembled thiol monolayer on gold.

alkanethiol molecules are substituted with a terminal group X, as long as this
group is not larger than the cross-sectional area of the alkane tail [23]. By
changing the terminal group the surface properties of the thiol-modified gold can
thus be varied. The terminal group may even be electrochemically active (or, for
short, "electroactive”) so that it is possible to reduce or oxidize it without
affecting the structure of the thiol layer [24].

A variety of techniques such as helium diffraction [25], electron and X-ray
diffraction [26,27] and STM [28] have been used to determine the structure of
the monolayer. The sulphur head groups of the molecules were found to bind to
the Au(111) surface in a structure commensurate with the Au(l11) structure. The
sulphur moieties rest in the threefold hollow sites of the Au(111) [27,29] (sce
Figure 1.2). The nearest-neighbour distance between the sulphur atoms is 0.3
nm, corresponding to a surface density of 4.6 10' molecules cm™.

Employing thiol monolayers as model systems in electrowetting and
electrodeposition studies requires that these layers are not permeable to
electrotyte though electrons should be able to penetrate. Hence, the number of
defects in the monolayer should be largely reduced. Several factors influence the
structure and quality of thiol monolayers on gold. These factors are, for example,
the preparation of the gold substrate [30-33], the type of solvent from which the
thiol is deposited [17,36,37], and annealing of the modified gold electrode after
deposition [30,38,391.
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Figure 1.2: Coverage scheme for alkanethiols on Au(111). Small circles represent Au
surface atoms and the larger dark ones chemisorbed sulphur head-groups of thiol
molecuies.

1.2.2. Electrochemistry of self-assembled thiol monolayers on gold

Electrochemistry is often used as a characterization technique to obtain
information about the quality of thiol monolayers, When defects, like small holes
in the monolayer ("pinholes") or disordered areas of molecules, are present,
water or ions may penetrate into the monolayer. In such cases, electrochemical
reactions will take place at the gold/thiol interface. By using redox couples (like
Fe®/Fe’) in solution, it has been checked whether or not the monolayer is
densely packed and prevents ion penetration [16,40-46]. If penetration is
blocked, electrochemical reactions can only take place at the thiol/electrolyte
interface. Because electron transport through the aliphatic monolayer is strongly
hindered, the electrochemical reactions will also be strongly reduced. Hence, the
rate of charge transfer is a measure for quality of the monolayer. Therefore,
redox couples can be used to determine the order/disorder transition of self-
assembled monolayers [16]. It was found that for about n>10 the reduction
current strongly decreased. Monolayers of shorter chains are disordered. This has
been corroborated by other types of measurements.
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Besides the electrochemistry of the redox couples, also oxidation of gold has
been used for determining the passivating properties of the monolayer [40.41].
When water penetrates the monolayer and contacts the gold, the gold may be
oxidized to give gold—oxide at the gold/thiol interface. Although this method is
able to give information about the penetration of water, it is not very suitable to
determine the exact number of defects, because the thiol layer becomes highly
unstable upon oxidation. Due to the formation of gold--oxide, the monolayer may
be disrupted.

Not only the penetration of ions, but also the transport of electrons through the
monolayer is of fundamental interest. For monolayer films free of defects, the
electron transport through the thiol layers has to oceur by electron tunneling or
hopping through the monolayer film. Miller et al. [43] suggested that for
hydroxy thiol monolayers of varying chain lengths electron tunneling occurs. A
problem with the interpretation of this type of studies is that rapid electron
transport-at a few defect sites can hardly be ruled out. By replacing the redox
couples in the electrolyte by covalently attached electroactive groups [24,47-50],
this problem is overcome: the electroactive groups can only exchange electrons
with the electrode across the monolayer. For this purpose, mainly ferrocene(Fc)-
terminated alkanethiol monolayers on gold have been applied [24,48]. Even for
relatively long—chain ferrocenethiols, like Fe—terminated hexadecanethiol, it was
found that the Fc group can be oxidized and reduced [50]. For such thick thiol
layers electron tunneling is not likely to occur {43]. Hence, some other
mechanism must be responsible for the transport of the electrons through the
alkyl chain.

Both ion penetration and electron transport through the thiol layer are of interest
in model studies of biological membranes [45]. An example of these studies are
synthetic layers of acidic phospholipids in aqueous solutions, investigated
intensively in relationship to their membrane functions [51]. When these
molecules contain a thiol group they can form self-assembled monolayers.

Electrochemical methods have also been used to determine the concentration of
molecules at the surface by reductive desorption of the molecules [52,53]. In an
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alkaline solution (pH>11) the gold—thiolate bond (Au-SR) can be reduced by the
one—electron reaction AuSR + ¢~ = Au(0) + ~SR. From measuring the charge
involved in this reaction, the thiol surface concentration can thus be derived.

1.3. QOutline of this thesis

1.3.1. Aim

The principal aim of this thesis is to explore the possibility of applying
"classical” electrochemical methods, like galvanic metal deposition and potential-
dependent wetting, to a "new” (model) system: thiol monolayers on gold. The
purpose of the electrodeposition study is to investigate the influence of the
surface tension on the morphology of galvanically deposited metal. The surface
tension can be easily changed by varying the terminal group of the monolayer.
In addition, electrodeposition provides information about the presence of
(microscopic) defects in the thiol monolayers.

Most of the classical electrowetting studies have been done on mercury. We
apply electrowetting to self-assembled monolayers on gold. An intriguing aspect
is to explore whether the electrowetting effects of the monelayer system can be
described by traditional interfacial thermodynamics. From the thermodynamical
description of this system the background of the electrowetting phenomena on
both electroinactive and electroactive thiol monolayers can be better understood.

There are two requirements for the use of thiol monolayers as model system in
electrochemical studies, First, the monolayers should be densely packed and
defect—free, and second, electron transport through the alkyl chains must be
possible. If this is the case, the electrochemical processes take place at the
thiol/electrolyte interface and the influence of this interface on electrodeposition
or electrowetting can be studied. To check whether or not the thicl monolayers
are free of defects, we investigated the characteristics of the monolayers both on
a macroscopic and microscopic scale. For the macroscopic characterization we
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used cyclovoltammetry, differential capacitance measurements and contact angle
measurements. For the microscopic characterization we employed atomically
resolved STM measurements in air. By combining the results of these
measurements we intend to find an answer to the question: are thiol monolayers
suitable model systems?

1.3.2. Outline of the subsequent chapters

This thesis is organized as follows. Chapter 2 deals with most of the
experimental techniques and materials used in chapters 3 to 9. First, the
synthesis of the thiols that are not commercially available is given. Second, the
preparation of the thiol monolayers on gold and the characterization of these
monolayers with sessile drop measurements is described. The purpose of this
separate experimental chapter is to prevent overlap between the individual
chapters. Detailed information about the experiments are given in scparate
sections in the individual chapters.

Chapter 3 deals with the microscopic structure of alkanethiol monolayers on
gold(111) in air as studied by STM with atomic scale. This technique revealed
the nature of the mysterious "holes" in thiol layers as observed in previous STM
studies. The holes appeared to be holes in the underlying gold resulting from an
etching process during adsorption. This was confirmed by analysis of the thiol
solution after adsorption with atomic absorption spectroscopy: small amounts of
gold could be determined.

The technique used for measuring the potential-dependent wetting of alkanethiol
monolayers on polycrystalline gold is presented in chapter 4. These
measurements were carried out simultancously with cyclovoltammetry and
differential capacitance measurements. The (electrochemical) characteristics of
bare and thiol-modified gold are compared. In chapter 5 the influence of the
thiol chain length and electrolyte concentration on the potential-dependent
wetting of alkanethiol-modified gold electrodes is investigated. The relationship
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between the potential and the change in wettability could conveniently be
described by interfacial thermodynamics. It is shown that the electrowetting
effect is mainly caused by the formation of an electrical double layer. The same
type of measurements were carried out for functionalized alkanethiol monolayers.
These measurements are discussed in chapter 6. The (functionalized) alkanethiol
monolayers appeared to be stable when applying an electric ficld across the thiol
layer, independent of the thiol chain length (for »>10) and terminal group.

Electrowetting based on oxidation/freduction of the terminal group of a thiol
monoclayer on gold is described in chapter 7. For this purpose, gold was
modified by an electroactive ferrocene-terminated alkanethiol monolayer.
Compared to the electroinactive alkanethiol monolayers, the electrowetting
effects obtained with ferrocene-terminated monolayers were reversible and much
larger. The effect of mixing this ferrocene thiol with simple alkanethiols on the
stability of the monolayer and the magnitude of the electrowetting phenomenon
1s studied.

Galvanic copper deposition on top of the thiol monolayers is the subject of study
in chapter 8. The influence of the terminal group of a functionalized alkanethiol
monolayer and of the chain length of an alkanethiol monolayer on the
morphology is investigated. The morphology of the deposits is imaged with
scanning electron microscopy. It appeared that the copper could be deposited on
top of the thiol layer. It was deposited as hemispherical particles. The
mechanism involved in electron transport through the thiol layer is discussed.

Chapter 9 presents an application of thiol monolayers in nanolithography. In this
chapter the thiol monolayers were used as a resist. The resist is selectively
removed with an e—beam and subsequently, copper is galvanically deposited in
the openings in the resist layer.

Finally, in chapter 10 the results of the STM and the electrowetting
measurements are compared with the current status of knowledge in the
literature. Subsequently, results on the structure of the thiol monolayers obtained
in the separate chapters are compared and discussed. Finally suggestions for
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further study are made.
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Chapter 2

Materials and experimental methods

Abstract: In this chapter we describe the materials and several methods that are
generally used in most of the chapters. The materials and methods that are specific for
one chapter are described in a separate experimental section in that chapter.

2.1. Materials

2.1.1. Gold electrodes

Gold electrodes used for the electrowetting measurements were prepared by
cutting a polycrystalline gold plate (99.99%) with a thickness of 0.5 mm into
pieces of 4.00 cm X 3.00 cm. The pieces were mechanically polished with silver
polish (Racket) and then thoroughly rinsed with deionized water and hexane. In
order to remove organic contaminants, the electrodes were subsequently treated
in a UV/ozone reactor (UVP Inc.; PR-100) for 15 min. Immediately after this
treatmént, 200 nm of gold (99.999%, Williams Gold Ref.) was evaporated onto
both sides of the electrode. The pressure during evaporation in the cryopumped
Edwards E306 coating system was less than 9x107 Pa. After deposition the
system was refilled with prepurified argon.

The surface crystallinity of the gold clectrodes was investigated by X-ray
diffraction (Philips TPD PW1800). It was found that the crystal structure of the
gold is predominantly of the types (111), (220), and (311).
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2.1.2. Thiols

1-Propanethiol  (HS(CH,),CH,), l-decanethiol (HS(CH,);CH,), and
l-dodecanethiol (HS(CH,), CH,) were obtained from Fluka, l-octanethiol
(HS(CH,),CH,) from Aldrich, and octadecanethiol (HS(CH,),,CH,) from Janssen
Chimica. These chemicals were wused as received. 1-Docosanethiol
(HS(CH,),,CH,), Ill-mercapto-l-undecanol (HS(CH,),;OH) and
11-mercaptoundecanoic acid {HS(CH,},;COOH) were prepared according to
liturature procedures given in references 1, 2 and 3, respectively. 11-Chloro-
l-undecanethiol (HS(CH,),,Cl) and 12-mercapto-l1-dodecanenitrile
(HS(CH,),,CN) were prepared according to the synthesis given below.

Synthesis of 11-chloro—I-undecanethiol

11-Chloro—1-undecanethiol (HS(CH,}, Cl) was prepared in a three—step
synthesis from 10—undecen-1-ol by chlorination, photocatalyzed thioacetylation,
and base-catalyzed thioester cleavage. The 10-undecen-1-ol
(HO(CH,),CH=CH,) was chlorinated [4] to give |l—chloro-l—-undecene
(CI{CH,);CH=CH,). A solution of this compound (10.0 g, 53 mmole), thiolacetic
acid (10.0 g, 132 mmole), and a catalytic amount of AIBN
(0,0’ —azobis(2-methylpropionitril)) in toluene (200 cm’) was exposed to
unfiltered UV-radiation of a mercury lamp for 6 h. The reaction mixture was
washed with a saturated sodium bicarbonate solution (3x) and water (2x). The
organic layer was dried over magnesium sulphate and concentrated under
reduced pressure. The vellow oil was subjected to column chromatography (5i0,,
hexane ethyl acetate 9:1 v/v), yielding 12.57 g (90%) of a yellowish oil
(11—chloro- 1-undecylthiolacetate, CI{CH,),;SC(O)CH,). 'H NMR (CDCl,) &,
3.41 (1, 2H, RCH,CL, J = 6.8 Hz), 2.75 (1, 2H, RCH,SAc, J = 7.0 Hz), 2.21 (s,
3H, RSC(O)CH;), 1.60-1.71 {(m. 2H, CICH,CH,R), 1.40-1.51 {(m, 2H,
RCH,CH,SAc), 1.17-1.34 {m, 14H, CH,).

To a solution of 11—chloro-1-undecylthioacetate (0.93 g, 3.6 mmole) in degassed
methanol (150 cm®) potassium carbonate (0.5 g, 3.62 mmole) was added. The
suspension was refluxed for 30 min, and subsequently quenched with acetic acid
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(1.05 g, 437 mmole). The suspension was filtered, and concentrated under
reduced pressure. The resulting yellow oil was subjected to flash chromatography
(8i0,, hexane dichloromethane 3:1 v/v) and yielded 0.6 g (74%) or a colourless
oil (1 1-chloro- I-undecanethiol, HS{(CH,), Cl}. '"H NMR (CDCL,) 8, 3.52 (t, 2H,
RCH,CI, J = 6.7 Hz), 2.47-2.56 (m, 2H, RCH,SH), 1.71-1.84 (m, 2H,
CICH,CH,R), 1.52-1.66 (m, 2H, RCH,CH,S), 1.00-1.49 (m, 14H, CH,): Anal
Caled for C,H,;CIS: C, 59.30, H, 10.40; found C, 59.39, H, 10.32.

Synthesis of 12—mercapto—I-dodecanenitrile

12-Mercapto-1—-dodecanenitrile (HS(CH,),,CN) was prepared in a three—step
reaction from 11—chloro-1—undecene by cyanation, addition of thiolacetic acid
over the double bond and thioester cleavage. A solution of 1l—chloro-
l—undecene (8.00 g, 42.5 mmole) and potassium cyanide (3.0 g, 45 mmole) in
DMF (200 cm®) was heated at 60°C for 24 h. The reddish solution was
concentrated under pressure, diluted with diethyl ether and washed with water
(3x). The organic layer was dried over magnesium sulphate, and concentrated
under reduced pressure, yielding 6.7 g (88%) of a yellowish oil
(11-dodecenitrile, CN(CH,),CH=CH,). '"H NMR (CDCL,) 8, 5.88-5.73 (m, 1H,
RCH=CH,), 5.02 and 4.91 (both d, both IH, RCH=CH,, J, = 17 Hz, J, = 10
Hz), 2.74 (t, 1H, RCH,CN, J = 7.4 Hz), 2.12-2.01 (m, 1H, RCH,CH=CH,),
1.69-1.85 (m, 1H, RCH,CH,CN), 1.52-1.24 (m, 7H, CH,).

A solution of 11-dodecenitrile (5.0 g, 28 mmole), thiolacetic acid (8 g, 106
mmole), and a catalytic amount of AIBN in toluene (200 cm®) was irradiated
with the unfiltered UV-radiation of a mercury lamp for 12 h. The product was
washed with a saturated potassium bicarbonate selution (3x). The organic layer
was dried over magnesium sulphate, and concentrated under reduced pressure.
The yellow oil was subjected to column chromatography (Si0,, hexane ethyl
acetate 4:1 vfv), giving 5.7 g (80%) of a vyellowish oil (12-thioacetyl-
I—dodecanitrile, CN(CH,),,SC(O)CH,). 'H NMR (CDCl,) &, 2.88 (t, 2H,
RCH,CN, J = 7.5 Hz), 2.37-2.28 (m, 5H, RCH,SC(O)CH,), 1.75-1.48 (m, 4H,
RCH,CH,CN and RCH,CH,SAc), 1.48-1.22 (m, 14H, CH,).

To a solution of 12-thiolacetyl-1-dodecanitrile (2.5 g, 10 mmole) in degassed
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methanol (150 c¢m®) potassium carbonate (1.5 g, 11 mmole} was added. The
suspension was refluxed for 30 min, and subsequently quenched with acetic acid
(0.1 g, 1.6 mmole). The suspension was filtered, and concentrated under
pressure. The resulting yellow oil was subjected to flash chromatography (Si0O,,
hexane dichloromethane 2:1 v/v), yielding 1.7 g (85%) of a colourless oil
(12-mercapto-1-dodecanenitrile, HS(CH,),,CN). 'H NMR (CDCl,) 8, 2.63 (1,
IH, RCH,CN, J = 74 Hz), 235 (t, 1H, RCH,SH), 1.73-1.56 (m, 2H,
RCH,CH,CN and RCH,CH,SH), 1.50-1.22 (m, 7H, CH,).

2.2. Preparation of the monolayers

Prior to adsorption, each gold electrode was treated in the UV/ozone reactor,
each side for 15 min, resulting in hydrophilic gold substrates. This treatment was
immediately followed by immersion into a freshly prepared solution of 3.5 mM
thiol in methanol. Because some of the solid long chain alkanethiols are poorly
soluble in methanol, these thiols were first melted at about 35°C just before
being added to methanol. The thicl spontanecusly adsorbed onto gold. The
adsorption time varied between 3 h and a few days. In this time period no
differences in quality of the monolayers were observed. After adsorption, the
electrode was rinsed in methanol, followed by rinsing in 2-propanol and
subsequently in hexane in order to remove any physisorbed thiol.

2.3. Contact angle measurements (sessile drop)

The contact angles of sessile drops were determined with a video camera system:
a video camera was connecied to a U-matic video recorder, a TV monitor, and
a video printer. Advancing (8,) and receding (0,) contact angles were determined
by depositing a water (or hexadecane) drop onto a surface through a syringe
without removing the syringe tip. By very slowly adding or removing water, the
drops were made to grow or shrink. The contact angles were measured just prior
to movement of the three phase line as judged from the video image.
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Chapter 3

Formation of holes in alkanethiol monolayers on
gold'

Abstract: Self-assembled monolayers of alkanethiols (C H,,, SH; n =3, 8, 12, 18§, and
22) adsorbed on gold(111) are investigated with (atomically resolved) scanning tunneling
microscopy (STM) and wetting measurements. The characteristic depressions observed
in these monolayers with STM are proven 1o be holes in the underlying top gold surface
layer rather than defects in the thiol monolayer itself. The holes originate from an
etching process of the gold during adsorption of the thiol molecules: a correlation is
obtained between the number of holes observed with STM and the amount of gold
measured with atomic absorption spectroscopy in the thiol solution after adsorption. The
erosion process is found to vanish as soon as complete self-assembly is observed in STM
and wetting. For a dodecanethicl monolayer on gold adsorbed from a diluted methanoic
thiol solution, self-assembly is observed within 10 min adsorption time. The average
amount of gold in the thiol solution after 10 min corresponds 1o dissolution of 2% of a
monolayer Au(111). The erosion strongly increases when the dodecanethiol adsorbs from
undiluted thiol. The amount of holes also increases with decreasing thiol chain length as
a result of a lower degree of self-assembly. The surface gold atoms underneath the thiol
layer are highly mobile, which is manifest in STM tip-induced reorganization of the thiol
layer and in penetration of evaporated gold through the thiol layer. This mobility is
believed to be crucial in the etching process. Due to the mobility of thiol molecules
during the adsorption process prior to acquiring a complete seif-assembled structure, gold
dissolves, probably in the form of a gold thiolate complex.

'This chapter has been published under the same title: Sondag-Huethorst, J.AM.;
Schénenberger, C.; Fokkink, L.G.J. J. Phys. Chem. 1994, 98, 6826-6834., Papers related
to this subject: Schionenberger, C.; Sondag-Huethorst, J.A M.; Jorritsma, J.; Fokkink,
L.G.J. Langmuir 1994, 10, 611-614. Schénenberger, C.; Jorritsma, J.; Sondag-Huethorst,
J.A M.,; Fokkink, L.G.J. submitted to J. Phys. Chem.
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3.1. Introduction

Alkanethiols (C,H
monolayers on gold [1]. Several characterization techniques, like infrared

1 SH) are known to form densely packed self-assembled
spectroscopy [2], wetling measurements [3-5], and electron diffraction [6,7],
show the structure of the longer chain (n = 9) thiol monolayers on gold to be
highly ordered.

Recently, we used STM in an ultrahigh tunnel resistance (R,) regime for the
characterization of the ordering of dodecanethiol adsorbed on gold on a
molecular scale [8]. Tunneling under these conditions enables imaging of
individual sulphur atoms of the thiol molecules in the self-assembled structure
and was found to be truly nondestructive. Under these operating conditions, the
distance between the tip and the substrate is large enough to result in a
negligible tip/surface interaction. In this work [8] it was found that after a
minimum adsorption time of about 10 min, a highly ordered structure of the
thiol molecules on the gold is obtained. The molecules adopt a hexagonal and
commensurate (¥3xV3)R30° overlayer structure on the Au(lll) surface. The
high degree of ordering of the thiol layers makes them suitable as molecular
model systemns for studying e.g. the mechanical and interfacial properties of
modified metal surfaces. Qur interest in self-assembled thiol monolayers is
mainly aimed at using them as model systems to study the interaction between
(electrochemically deposited} metals and organic surfaces like polymers. The
advantage of using self-assembled monolayers in these studies is the
controllability of the identity and the concentration of surface functional groups.
These ordered molecular assemblies are also of technical relevance for example
in the fabrication of (nano)-patterned structures [9,10].

STM measurements indicate the presence of defects in the ordered structure. In
cur high R, STM images (Figure 3.1a) they show up in the form of dark lines
which could be identified as different types of missing row structures [8,11].
Two other types of defects can be clearly visualized by operating the STM in the
usually employed low R, (<100 G£2) tunneling regime (Figure 3.1b). One of the
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Figure 3.1: STM images of an Au(111) surface with an adsorbed self-assembled
monolayer of dodecanethiol measured on the same 60x60 nm?® area for two different
tunneling resistances: R, = 660 GQ for (a) and R, = 25 GQ for (b). Three types of
defects can be observed: missing thiol rows (dark lines in (a}), monatomic Au step edges
(visible in image (a) and (b)), and depressions (in (b)). The images are obtained in the
constant—current mode (1.5 pA),

defects are monatomic steps and can be observed as the border line between two
different terraces. These steps are steps in the underlying gold and are also
observed on clean gold samples. However, the most prominent defects observed
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are depressions (holes) which can be most clearly seen in Figure 3.1b. These
depressions have been observed by many other research groups [12-16]. The
holes are of a roughly circular shape and about 2-6 nm in diameter and cover
about 5-30% of the surface. The depth has been reported to vary between 0.2
and 1.1 nm [12-16]). These depressions are observed for all thiol chain lengths
studied. The depressions are not observed on bare gold.

In ref 8 we have presented evidence that these depressions are holes in the
underlying Au surface layer. The purpose of this study is to further elucidate the
origin and the formation mechanism of the holes. In this chapter we will first
present evidence that the observed depressions are indeed holes in the gold. The
second part of the chapter concerns the origin of these holes. Aspects like
adsorption time and thiol chain length will be discussed. In the third part we will
speculate on the mechanism involved in the generation of these holes.

3.2. Experimental

Materials. Information about the thiols is given in chapter 2. In this chapter the
alkanethiol will be incidently abbreviated as RSH. The gold(111) samples were
prepared by evaporation of a gold layer of 100 nm (99.999%) onto a freshly
cleaved mica (Muscovite mica, Goodfellow) sheet at 250°C. Gold samples of
5—cm’ geometrical area were used. All reagents were analytical grade (Merck).

Preparation of the monolayers. Detailed preparation procedures are given in
chapter 2. A thiol monolayer was formed on the gold surface by immersion of
the UV/ozone cleaned gold in a glass Petri dish filled with 8 cm® of 3.5 mM
thiol solution in methanol. The temperature of the thiol sclution was kept at
20°C. Occasionally, a dodecanethiol monolayer was deposited from undiluted
liquid dodecanethiol. After an adsorption time of ¢ minutes, the sample was
removed from the thiol solution and carefully rinsed with 2—propanol and
hexane. The monolayers were characterized by advancing (8,) and receding (8,)
sessile drop contact angle measurements with water and hexadecane (HD) [17].
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Determination of gold in the thiol solutions. In cases where the gold
concentration of the supematant thiol solution had to be determined, the
supernatant (§ cm’) was decanted into a 10—cm® beaker. The gold substrate was
subsequently rinsed with 0.25 cm® of 2-propanol and 0.5 cm’® of hexane,
respectively. The rinsing liquid was combined with the supernatant. The glass
Petri dish was carefully rinsed with 0.5 cm® of concentrated (65%) HNQ, in
order to remove any adsorbed gold on the glass tray, if present. The HNO, was
collected in the beaker. Caution: HNQ; reacts violently with most organic
materials and must be handled with extreme care. The total volume of the
sample was adjusted to 10 ¢cm® with 2-propanol. Due to the nitrous vapours that
develop after the mixing of the organic liquids with the concentrated HNO,, the
solutions acquired a slightly brown colour.

The total amount of gold in the thiol solution was analyzed with atomic
absorption spectroscopy (AAS). For this purpose 0.04 ¢cm® of the thiol solution
was mixed with 0.01 cm’ of palladium nitrate (10 mg cm™) solution. The
mixture was injected in a pyrolytically coated carbon oven and heated from 120
to 2700°C. The amount of gold was analyzed with a Perkin Elmer 5000 graphite
fumace absorption spectrophotometer with Zeeman background correction for
matrix interferences. Gold concentrations of 5 ng or more (in 10 cm’ of solution)
can be determined following this procedure.

STM. STM is done with an instrument operating under ambient conditions using
commercial STM electronics (RHK system STM2000 from RHK Technologies,
Michigan). Typically, samples were imaged within 1 h after monolayer
deposition, though no characteristic changes have been observed over periods of
at least 1 week. For imaging, mechanically cut PtPd wires were used and the tip
potential V, was typically biased negatively (~0.1, —1 V) with respect to the
sample. All images were obtained at constant tunneling current /, in the 1-100
pPA domain.
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3.3. Results and interpretation

3.3.1. Nature of the depressions

Here, we will shortly review the arguments that convinced us of the fact that the
depressions observed with STM are holes in the top gold layer. Most arguments
are derived from STM measurements.

Depressions are filled with molecules. Figure 3.1a, b shows STM images of a
dodecanethiol ("C,,—thiol") layer adsorbed on gold. The STM images show the
same part of the surface, obtained under different tunneling conditions. The
image in Figure 3.1a is measured with R, = 660 G and in Figure 3.1b with R,
= 25 GL2. Due to the high tunnel resistance in Figure 3.1a (with a relatively
large distance between tip and gold substrate) it is possible to image the
individual sulphur atoms of the thiolate [8]. Comparing parts a and b of Figure
3.1, it is noticeable that most of the depressions in Figure 3.1b are filled with
ordered thiol. The (\/3)(\(3)R30° structure of the thiol molecules continues in the
holes [8). This excludes the possibility that the depressions are empty regions or
regions of disordered thiol embedded in an ordered assembly as had been
suggested before [13-16].

Depth of the holes. The depth of the holes is found to be about 0.29 nm and is
independent of the chain length of the adsorbed thiol. This depth equals the
height of step edges in the thiol-modified gold surface (Figure 3.2) and
corresponds to the height of Au—Au steps on the bare gold samples. Only
occasionally a hole was found with a deviating depth (sometimes the depth
equalled two or three Au—Au steps). In the literature values between 0.2 and 1.1
nm have been reported for the depth of the holes [12-16,24}. The meore recent
papers, however, consistently report a depth of about 0.2-0.3 nm [12,16b,24].

Tip—induced erosion. Under "normal” tunneling conditions (where R, = 1 GL2),
the tip—substrate distance is of the order of 0.5-1 nm [8]. The thickness of the
ordered self-assembled thiol monolayer varies between about 1 nm (for
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Figure 3.2: STM image (80x30 nm?) of an Au(111) surface with a monolayer of
dodecanethiol. Image (b) shows the profile of the dashed line in {a)., Tunnel parameters:
V,=1Vand /] = 1.5 pA.

C,,H,,SH) and 3 nm (for C,,H,;SH) [3] and the tip will thus penetrate the layer.
The resulting interaction forces can become so strong that the scanning tip
mechanically disrupts the assembly as can be observed in Figure 3.3 (V, = 100
mV, /,= 0.1 nA). This erosion process has also been observed by other research
groups [12-14,24].

Figure 3.3 shows a dodecanethiol monolayer through a series of several
successive scans. During scanning expansion of the depressions occurs. The
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Figure 3.3: Successive scans (70x80 nm?) of an Au(111) surface with an adsorbed
monolayer of dodecanethiol. Tunnel parameters: V, = 0.1 V and /, = 0.1 nA. Under these
tunnel conditions the tip disrupts the monolayer: the holes become larger and new holes
and step edges appear.

expanding areas connect to other depressions to form larger depressions (Figure
3.3b) and eventually connect to step boundaries (Figure 3.3c). On continuing the
scanning we finally see new depressions appearing within the larger depressions
that were formed during earlier scans (Figure 3.3d). The depth of both the
existing and newly formed depressions is found to be indistinguishable from the






