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Abstract

The self-assembled monolayers (SAMs) of three n-alkanethiols, 1-
octadecanethiol (C18SH), 1-dodecanethiol (C12SH), and 1-hexanethiol (C6SH),
were formed on the fresh copper surface which was cathodically reduced in 1 M
HCIOQy, followed by etching in 7 M HNOs. The effect of the alkanethiol SAMs on
the anodic dissolution of the copper substrate was investigated by the cyclic
voltammetry and Fourier transform infrared spectrometer (FTIR). The
voltammetric results show that the SAMs are capable of inhibiting the oxidation
of copper from Cu(0) to Cu(l), but exhibit little resistance to retard the oxidation
at more anodic potentials. FTIR measurements confirm that the alkanethiol SAMs
are desorbed electrochemically from the copper surface at the high potential. The
corrosion protection abilities of three SAMs were evaluated in 0.2 M NaCl by
polarization techniques and in 0.2 M NaCl, 0.2 M HCI and 0.2 M H,SOy by using
electrochemical impedance spectroscopy (EIS) method. It is found that the
alkanethiol SAMs have stronger inhibition on the cathodic reaction than the
anodic reaction, and the longer hydrocarbon chains are more favorable for their
protection ability against copper corrosion. The SAMs act as the hydrophobic
monolayers, which block effectively the transport of reactants and inhibit the
corrosion reactions at the copper substrate. A general equivalent circuit for the
SAMs-coated electrode was proposed, by means of which the impedance

behavior of the electrodes was interpreted and the electrochemical parameters



were acquired. In addition, the quality of SAMs and development of defects in
SAMs were evaluated based on the circuit. The dependence of the electrode
capacitance on the applied potential was used to determine the stability of SAMs
at the applied potential. The Electrochemical Noise (EN) measurements provide a
good method to in situ monitor the corrosion process of the copper surface
modified by the Alkanethiol SAMs and the results showed the copper substrate of
copper electrodes suffered pitting because the defective sites were attacked by the
chloride ions. The defects of SAMs were detected through measuring the electron
work function (EWF) of the electrode sample surfaces by means of Scanning

Kelvin Probe.
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E Energy; electric field
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Chapter 1. Introduction

The spontaneous self-assembly of amphiphiles on solid substrates is
becoming increasingly a specific technique to prepare compact monolayers with
controlled thickness and structure. Over the past 20 years, self-assembled
monolayers (SAMs) and multilayers have been extensively studied for their
potential application as new materials.

Areas of possible application of SAMs range from surface modification
such as wettability control and lubrication to sensors and surface devices. Besides,
SAMs also provide opportunities to enhance the fundamental understanding of
self-organization and structure-property relationships. Furthermore, SAMs are
excellent systems to investigate interactions at interfaces, which include
intermolecular, molecular-substrates and molecular-solvent interaction.

Copper and its alloys are widely used in chemical and electronics
industries due to their high thermal and electrical conductivities, low cost and low
corrosion susceptibility. From the viewpoint of practical application, it is valuable
to prepare alkanethiol SAMs on copper. Therefore, we focus our studies on the
preparation and characterization of SAMs of octdecanethiol, dodecanethiol and
hexanethiol on copper substrates.

There are three main objectives of this study.

1. To characterize the potential-induced defects in SAMs.



2. To investigate the corrosion protection ability of SAMs on copper in

electrolyte solution.

3. To compare the corrosion protection ability of SAMs of n-alkanethiols

with different hydrocarbon chains.

Chapter 2 introduces a brief review on self-assembled monolayer
characteristics and presents relevant laboratory studies on SAMs. Chapter 3
presents the experimental conditions, including sample preparation and the setup
of experiments. Chapter 4 covers the results and discussion. Finally, conclusions

are made in Chapter 5 along with recommendations for further work.



Chapter 2 Literature Review

2.1 Introduction

This chapter presents an overview of general characteristics and structure
of self-assembled monolayers (SAMs) system.

Self-assembly is defined as the spontaneous formation of complex
molecular aggregate structures."™ SAMs are close-packed, ordered molecular
assemblies that are spontaneously formed on the substrate surface by the
adsorption of amphifunctional molecules, one part of which has a specific strong
affinity for the surface and the other part has very weak affinity or none.™ The
interactions between molecules and substrate, generally a chemical bond, result in
a pinning of the headgroup to a specific site on the substrate surface. A schematic
graph of SAMs is shown in Figure 2.1, which shows the constituents of
interactions within SAMs.

In nature, SAMs are different from the Langmuir-Blodgett film.
Langmuir-Blodgett techniques involve the transfer of a surfactant film assembled
at an air-liquid interface to a solid substrate, and the components are typically
weakly bound to the substrate surface. However, SAMs are based on the
spontaneous chemical adsorption of the film compounds from a gas phase or a
solution directly onto the substrates, and the bonding of monolayer molecules to

the substrate surface is much stronger than that in the Langmuir-Blodgett film.



In the past two decades, SAMs have been extensively investigated on a
microscopic level by developing characterization techniques. The most attractive
features of SAMs come from their utilization in surface engineering such as
semiconductor surface patterning, wettability control, lubrication, and corrosion
protection. Transducer technology, for optical, piezoelectric and other forms of

chemical sensors, is another example of SAMs application.

2.2 Some typical SAMs model systems

In recent years, the field of SAMs has experienced tremendous growth in
both the depth of characterization and sophistication.] SAMs are manufacturable
and attractive for building surface engineering. A brief introduction of several

extensively studied systems is presented in this part.

2.2.1 Monolayers of organosulfur on Metals and

Semiconductor substrate

The phenomenon of spontaneous adsorption of alkanethiolates on gold
was first discovered by Nuzzo and Allara.!” This intriguing behavior has since
been reexamined in numerous following studies. To date, it has been established
that surface-active organosulfur derivatives have a strong affinity to many metals
and metal sulfides due to the formation of multiple bonds with surface metal

clusters. Besides gold, it has been found that organosulfur compounds could



coordinate strongly to silver,!”! copper,[7'9] platinum, mercury,[w] iron,!! v-Fe;03

particles,“z] Si0,, GaAs,™ ] and Inp .1

Although gold is generally considered as a chemically inert element and
resists atmospheric contamination, it has a strong specific interaction with
organosulfur compounds ranging from linear chain alkanethiols to complex
molecules such as thiol-bearing pophyrinsm] and Cgo.l'”! In fact, the monolayers
of alkanethiolates on gold are probably the most studied system in SAMs to date.
In the alkanethiol case, the self-assembly process is believed to involve an
oxidative addition of an S-H bond to the gold surface, followed by a reductive

elimination of the hydrogen:
R—S—H + Au) = RS Au*<Au) + %HQ

While some debate still remain on the reaction mechanism, one conclusion
has been reached unanimously, i.e. the chemisorbed species on gold is a
thiolate.!'

On the basis of thermodynamics, the overall free energy change

AG agsorption is about —21 kJ mol™, which means that the reaction is exothermic and

could spontaneously happen. Schlenoff reported a similar value, -23.1 kJ mol ™,
by using electrochemical data.*”! The adsorption bond energy was estimated at
about 30 to 35 kcal mol™ for long-chain alkanethiols on gold, larger than the 28
keal mol™ for short chain adsorbates on gold.”” The enhanced interchain van der
Waals (VDW) attraction energy further stabilizes the products. The lateral

interaction of the alkyl chains enhances the stability of the monolayer by



approximate 0.8 kcal per mole of CH, groups, which is less than the van der
Waals interaction energy of a crystalline hydrocarbon chain, i.e. 1.3 kcal per mole
of CH,. However, this value is slightly larger than the group constituent heats of
vaporization or fusion for normal paraffin (0.6 kcal per mole of CH). Therefore,
long-chain alkanethiols form a high-density packing, crystalline or liquid-
crystalline monolayer on gold.[*" 2

On the other hand, in the formation of SAMs from dialkyl disulfide, the
mechanism probably involves a simple cleavage of disulfide (S-S) bond followed
by immediate oxidation addition to the gold surface.

RS = SR+ Au® = RS™ Au* Au,

Based on thermodynamics, the free energy change is about —101 kJ mol ™,
approximately twice as favorable as that of alkanethiol adsorption. The structures
of SAMs formed by chemisorption of dialkyl disulfides and corresponding
alkanethiols are indistinguishable.”” Although the formation rates of SAMs from
alkanethiols as well as dialkyl disulfides were similar, the replacement rate of
molecules on SAMs formed by alkanethiol were much faster than those formed
by dialkyl disulfides. The difference in replacement rate might arise from the
larger bulk of dialkyl disulfide. However, the contact angles of SAMs formed
from alkanethiols were lower than those formed from dialkyl disulfides, which
indicated that the dialkyl disulfides are kinetically slow to complete the
monolayers.[*

Copper and silver are more reactive to alkanethiols and more sensitive to

attributes of the alkanethiol than gold. The mechanism of formation of



alkanethiols and disulfides monolayers on copper and silver is similar to that on
gold. Unfortunately, there are few studies on the thermodynamics of alkanethiols
adsorption on silver and copper. In fact, the studies of SAMs on silver and copper
are substantially less extensive than those on gold. The reason might be
rationalized by the difficulties in obtaining reproducible and high-quality SAMs
on active metals (e.g. silver, copper, iron, etc.).

The detailed description of organosulfur SAMs will be presented in a later

part.

2.2.2 Monolayers of organosilicon derivatives

SAMs of alkylchlorosilanes, alkylalkyoxysilanes, and alkylaminosilanes
have been successfully assembled on various hydroxylated substrates, such as

[25, 26]

silicon oxide, aluminum oxide,”” germanium oxide®! and gold.”*” The

driving force is the formation of the Si-O-Si bond connecting surface silanol
groups on the substrate. The Si----Si distance is about 4.4 A. A schematic drawing

of organosilicon monolayer at a substrate interface is shown in Figure 2.2. SAMs
of silanes are of significant importance due to many applications in industry.
However, it is hard to get high-quality SAMs of alkylsilicon because the quality
of the monolayer is very sensitive to formation conditions. Many factors, such as
moisture and temperature, affect the formation, which might partly explain the
differences, even contrary, in the results reported in the literature. Many efforts

are devoted to achieving better reproducibility.



2.2.3 Monolayers of fatty acid

Fatty acid derivatives absorption on metal®>% and metal oxide®> 3
surfaces is of interest because the interaction of fatty acid with substrate acts as a
link between a Langmuir-Blodgett film and SAMs. It shows that the interaction
between long-chain n-alkanoic acid and substrate is an acid-base reaction in
which the driving force is the formation of a salt by reaction of metal cations with
carboxylate anions. It was found that on a AgO surface, two oxygen atoms in the
carboxylate group bind to the substrate surface displaying a tilt alkyl chain, while
on the surfaces of CuO and Al,0;, the carboxylate asymmetrically binds to the
surface resulting in an alkyl chain perpendicular to the surface. A schematic
illustration of fatty acid monolayer structure is shown in Figure 2.3. Despite much
works on this subject, there are still discrepancies in the structure, binding

geometry and binding strength.
2.3 Sample Preparation

2.3.1 Substrate preparation

Many factors should be considered in choosing the substrate, including
elements, crystalline state and quality. It is obvious that the surface treatment is
crucial to the adsorption rate of the components and final quality of SAMs.

For inert elements, such as gold, the preparation process is relatively

simple by evaporating gold onto silicon wafers, since it does not have a stable



surface oxide. In such a case, prior to the monolayer deposition, the substrate
surface is treated with “piranha” solution (i.e. 3:7 H,O»/ concentrated H,SOy) at
90°C for 1h in order to remove the physically and chemically adsorbed
contaminants, followed by rinse with Millipore water.”!

Although silver can form silver oxides in air, it would not exhibit
catastrophic failures of monolayer adsorption on a limited-degree exposure to air.
The degree of oxidation is also limited (i.e. one or two monolayers of silver
oxides on the silver surface).’® Oxidized surfaces of silver are active to the
chemisorption of alkanethiols, which probably involves reduction of Ag(l) to
Ag(0) and direct conversion of surface Ag(l) oxides to Ag(l) thiolates. The
surface cleaning procedure for silver is the same as that for gold.

However, for some reactive elements such as copper and iron, the
formation of SAMs is much more difficult because the copper and iron surfaces
readily form oxides that adsorb polar contaminants. Slightly oxidized surfaces of
copper are subject to the chemisorption of alkanethiols; however, the formed
monolayers differ in structure and properties from those formed on absolutely
oxide-free surfaces. It is likely that the monolayer could form on a roughened
copper/copper oxide interface and this monolayer might be heterogenous in
structure. Therefore, to obtain reproducible and high-quality monolayers on both
silver and copper, the metal surfaces should be clean and oxide-free. Oxygen must
be completely excluded throughout the whole procedu;re.[3 Y Occasionally, copper
films manufactured even under oxygen-free conditions did not result in high-

quality monolayers.”*”]



An electrochemical polishing method was also adopted to obtain an oxide-
free copper surface. The sample treatment used by Vogt ef al. included
electrochemical polishing at 4V in 66% orthophosphoric acid for a few seconds,
then Millipore water rinse, followed by polishing again at 1.8-2.4V for 10s.13% 3
This treatment is similar to that of Kruft ez al., who performed electrochemical
polishing in 50% orthophosphoric acid at 2-2.4 V for 1 min to eliminate the oxide.
Later, Vogt et al*®! modified their previous procedure by immersing the copper in
1 mM HCI for 5-10 mins after electrochemical polishing to obtain an oxide-free
surface. However, it was suggested that chloride ions might adsorb on the copper
surface, which would reduce the surface activity for adsorption."!

Another surface treatment for a copper sample was galvanostatically
reducing the specimen at a cathodic current density of 1 mA cm™ in 1M HCIO4
under nitrogen atmosphere protection for 10 min.[**

Recently, Feng et al. proposed a new method for copper treatment by
etching the polished copper surface in 7M HNO; for 30 s and evaluating the
effects of surface treatments on the quality of monolayers using impedance

measurements.[*” Their results demonstrated that HNO; etching was the most

efficient way to form high quality films.

2.3.2 Assembly process

Up to now, the preparation of monolayers from solution has been most

frequently employed. Monolayer deposition from a gas phase has succeeded in

10



some systems (e.g. SAMs of methanethiols were prepared from a gas phase).[”

Figure 2.4 shows the procedure of adsorption from solution.

It was found that high-quality monolayers were free of solvent molecules
and the solvent had no effect on the structural differences of monolayers.[3 1 The
solubility of adsorbate, the reactivity of adsorbate and other considerations are the
main criteria for solvent selection. Ethanol is the most frequently used solvent in
solution preparation due to its low toxicity, low tendency to be incorporated into
the monolayers and its high purity. For long-chain alkanethiols, hexadecane, THF,
and isooctane were sometimes used for high solubility of thiols. However, the
possibility of incorporating solvent into monolayers could not be negligible when
the adsorbate and the solvent molecules are geometrically matched. In some
specific cases, the solvent might even change the species of films. For instance,
docosanethiol monolayer films could be adsorbed on copper from isooctane
solution with high reproducibility. However, using the same procedure would
often result in multilayers if adsorbed from ethanol solution.*”} Therefore, the
solvent should be selected with caution.

On the other hand, to avoid oxidization of unfunctional metal surfaces,
adsorbate solution should be deoxygenated by bubbling with high-purity nitrogen
or argon before transfer and throughout the immersion of the substrate.

The immersion time may vary from 15 minutes to several hours, depending on
adsorbates and solvents. The concentrations of alkanethiols are in the range of
micromolar per liter to millimolar per liter. Concentration and immersion time are

parameters of significant importance. Longer immersion time and/or high
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concentration of alkanethiols may result in the formation of “thicker”

overlayers.[*”

2.4 Characterization Techniques

There are many techniques employed to characterize SAMs. Those

techniques are categorized according to their principles as follows.

2.4.1 Spectroscopy methods

Various spectroscopy methods are applied to SAMs to obtain information
on the structure and their growth.
1. Infrared spectroscopy (IR)

Infrared spectroscopy is one type of vibrational spectroscopy where
molecular vibrations are analyzed. Generally, IR is used to determine organic
functional groups quantitatively. The vibration of CH, and CHj is always used to
identify SAMs of alkanethiol. Nowadays, reflection Fourier transform infrared
spectroscopy (FTIR) is widely used to obtain information on the structure, such as
the chain conformation, orientation, coverage, and packing.”*?! A novel approach
to analyze polarized IR spectra quantitatively has been described by Nuzzo et
al 22921 gid prove that different molecular orientations would account for the
differences in spectra. The material constants were determined by an iterative
procedure using a Kramers-Kronig transform, and the bulk spectra calculation
involves Fresnel transmission coefficients. Its operation includes (1) the

determination of the monolayer film’s isotropic optical functions; (2) estimation
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of thickness of the film; (3) simulation of monolayer spectrum; (4) assignment of
absorption feature to vibrational modes; (5) converting the dipole orientations to a
molecular geometry. The parameters obtained by the above calculations will yield
the average values of the tilt angle, o, and twist angle, B, around the molecular
axis. This procedure will not be presented here in detail.
2. Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a near-surface sensitive
analytical technique involving core electrons. The binding energies of the core
electrons can be determined by measuring the energy of the ejected electrons from
an atom upon absorption of a photon. Shifts in the binding energy levels of
different elements in the adsorbate and substrate are indicative of the changes in
chemical character.!*"! This information can be used to identify and quantify the
species in the surface. Therefore, XPS is capable of obtaining valuable chemical
information to verify the composition of the adsorbate/substrate interface.
Additionally, XPS may provide a convenient and rapid method for determining
the thickness of SAMs by measuring the attenuation of photoelectrons from the
substrate by the adsorbed layer.!”! However, the probing depth of XPS is limited
by the mean free path of photo-electrons, which is in the range of 1 to 5 nm.
3. Raman spectroscopy

Raman Spectroscopy is a universal analytical technique for identification
of molecules in gases, liquids and solids by measuring the wavelength and
intensity of the inelastically scattered light from molecules. The Raman scattered

light occurs at wavelengths that are shifted from the incident light by the energies
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of molecular vibrations. Nowadays, Raman spectroscopy, especially surface
enhanced Raman Spectroscopy (SERS), is frequently applied to determine the
composition of adsorbates. Kim e al. originally performed SERS characterization
of SAMs.*! Raman spectroscopy results are also an index to identify the species
[46]

adsorbed on a substrate surface.

4. Ellipsometry

Ellipsometry is an optical technique devoted to the analysis of surfaces. It
is based on the measurement of the variation of the polarization state of light after
reflection from a plane surface. The advantages of ellipsometry include its non-
destructive character, its high sensitivity due to the measurement of the phase of
the reflected light, its large measurement range (from fractions of monolayers to
micrometers), and the possibilities of controlling complex processed in real time.

Ellipsometry is a valuable technique for measuring the film thickness of
alkanethiols adsorbed on various metals.l*”!

5. Diffraction techniques
Diffraction techniques, such as low-energy atom diffraction (LEAD)W]

(48] also can provide information

and grazing-incidence X-ray diffraction (GIXD),
of two-dimensional structure of SAMs, provided the adsorbed layer with long-
range order. Surface-sensitive electron diffraction techniques, such as low-energy
electron diffraction spectroscopy (LEEDS) and reflectance high-energy electron
diffraction spectroscopy (RHEEDS), are routinely used to monitor the structure of

the adsorbed layer.**! However, these techniques have their own limitations,

which should be noticed in the application./
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2.4.2 Microscopy methods

Scanning tunneling microscopy (STM) and atomic force microscopy

(AFM) are the most frequently used techniques, which may provide direct images

of the local surface structure at the atomic level (~1 A) and characterize surface

morphology at larger scales (~25A) in environments ranging from ultra-high

vacuum to aqueous solutions.* 01 1n addition, in-situ STM and/or AFM have
been used for mechanism studies to provide information on the surfaces and the
influence of SAMs on corrosion behavior."*"!

STM has been used in the study of the structure of SAMs because it has a
unique capacity to characterize local structure with atomic resolution.® 3 A
recent review has summarized the STM applications on structure determination,
defects characterization, and assembly and decomposition mechanism
verification.") There have also been some studies correlating the STM images

£52]

with electrochemical data. In-situ  electrochemical scanning tunneling

microscopy (ECSTM) has provided STM images during electrochemical
processes.>!

Alves, et al. determined the structure of alkanethiolate on gold by
AFM.P* The AFM images were attributed to the interactions between the AFM
tip and the alkyl chain structure of thse monolayer. It is also noteworthy that the
imaging force was 50 nN, which is far beyond the upper-limit imaging force, i.e.

in the order of 0.01 nN from model calculations.’ Tt was suggested that the

strong cohesive inter-chain interactions and covalent bonding between sulfur head
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group and gold surface enable the monolayers to withstand such large forces.
Piner ef al.’%! developed a dip-pen nanolithography technique with a conventional

AFM to study SAMs nucleation and growth kinetics.[’’!

2.4.3 Other methods

1. Contact angle measurement

Contact angle measurement is a technique to determine wettability, a
macroscopic property of the surface studied. There is a hysteresis that exists
between the advance and receding angle.

Hysteresis is greatest for a polar, heterogeneous and/or rough surface and
for polar liquids; and least for a smooth, uniform surface and for nonpolar liquids.
In the literature, water and hexadecane are often used as mediums.

Hystersis phenomena are observed on most SAMs that are not wetted by
the contacting liquid. In such cases, the wettability of SAMs is a useful parameter
to evaluate the coverage of the monolayer. However, in fact, a surface hardly
exhibits a unique, thermodynamic equilibrium contact angle. In practice, the
maximum advancing angle is defined as the angle observed in the limit that the
drop is advanced quasistatically over a motionless surface.”®! An alternative
method, developed by Whitesides ef al.,”>” is used to measure the kinetic energy
of a fixed-sized drop of liquid advancing across the surface.

It has been demonstrated that both the advancing and receding angle are

subject to the surface roughness, the relationship between observed angle, 6, and

true angle, Oy, 0N a smooth surface defined by the following equation:
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c0s 8 =1 c08 Oiye

where r represents the surface roughness factor.

2. Kelvin probe

The Kelvin probe (or surface potential) method is a means to determine the
work function difference between two surfaces and to estimate the adsorbate
effects on the work function. It is a non-destructive technique based on the
determination of capacitance between two separated surfaces, which form a
capacitor with a charge due to the work function difference.* The surface
potential of monolayers was measured with respect to a reference (generally gold)
by a Kelvin probe. It has been established that in thiolates of SAMs on a goid
surface the adsorbed species is Au-SR, which is polar (4u®* —S*"R), and the
bond has a net dipole moment with a permanent component perpendicular to the
surface. Herein, it seems that the substrate surface is coated with a dipole sheet.
This sheet would act as a potential barrier (electrostatic) when an electron tries to
escape from the substrate surface. Hence, the work function ¢ will increase while
the observed surface potential will decrease. The contact potential difference for
the reference sample can be written as:

Ga - b = Urer (2-1)
where ¢,, and ¢, represent the work function of the vibrating electrode and
reference electrode, respectively.

Considering that a SAMs-modified surface has a work function ¢y’, thus

a - ¢b’ = Unon (2-2)
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therefore,

P = ¢ = Unon — Ureg = AU (2-3)
If AU is positive, it means the work function ¢y, decreases and the surface dipole
layer is oriented so that a sheet of negative charges lies close to the surface and a
sheet of positive charges resides away towards the monolayer-ambient

interface.!>!

and AU obeys the following equation,[6°]

AU = p VeggVy = i /egA (2-4)

2.5 Structure

In this section, only the structure of full-coverage SAMs on a substrate
surface is discussed. The balance of forces, which are interactions between thiol
head groups and underlying substrate surface, van der Walls forces between the
alkyl chains and interactions between endgroups, determine the structure of
monolayers.[su Up to now, however, it is still impossible to determine the
conformations and configurations of individual molecules in SAMs. All
techniques to date only provide information on average microscopic structure.
The structure of SAMs can be derived from both direct experimental data and
computational simulations, including molecular dynamics methods (MD) and AB
initio calculations.? ")

FTIR and electron diffraction studies show that alkyl chains in SAMSs of

thiolate on Au(111) are usually tilted about 26-28° from the surface normal, and

display 52-55° rotation around the molecular axis.!®! A schematic diagram of an
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all-trans chain orientation in an n-alkanethiol monolayer on gold surface is shown

in Figure 2.5. The S-S distance in an assembly is 4.97 A, which is larger than the

distance of 4.6 A, the distance between perpendicular alky! chains in a close-

packed layer. It also indicates that the alkyl chains are in the all-trans
conformation. In general, the structure of monolayers on gold is described as a

simple (\/?: x~3 JR30° overlay, with an area per molecule of 21.6 A2 23,54

The nearest neighbor spacings in naked copper, silver, and Au (111)
planes are 2.56 A, 2.89 A and 2.88 A, respectively. It is reasonable to assume that

the molecular orientations of the chains on silver are similar to those on gold and
the average chain density on copper would be considerably higher than on gold or

silver.

The chemisorption of sulfur atoms, SH and SCH3 groups on Ag(111) can

be described as that on Au(111), with an S-S distance of 4.41 A, slightly smaller

than the interchain repeat distance in crystalline paraffins of 4.65 A. Also

compared with those assembled on Au(111), monolayers on Ag(111) are more
densely packed due to the shorter distance between chains.

Although quite different values of the tilt angle of alkanethiolates SAMs on
silver are reported in literature, (e.g. 11-14° reported by Laibinis,”"! 7° by
Ulman,®®! while even 0° suggested by Nemetz and Fenter [)), one conclusion
was reached unanimously: that the alkyl chains of alkanethiolates are more

perpendicular to clean silver surface than those on a gold surface and the
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monolayer is more close-packed on silver than on gold. Unlike on gold, the

structure of short chain linear monolayers on silver can be described as
(\/7 x 7 )JR10.9°. However, there is still some debate on the structure of long-

chain monolayers on silver. Furthermore, if the chain contains a bulky group (e.g.
| tert butyl), the structure is much more complex and depends on the interchain
interactions.

The differences in the structure of monolayers formed on gold and silver are
striking and interesting, which has been assigned to the differences in the
reactivity of the surfaces of the metal, especially their susceptibilities to oxidation
upon exposure to air. When exposed to air, the surface of silver slightly oxidized,
under ambient conditions one or two monolayers of silver oxide are formed on the
silver surfaces.'® For their [111] lattices, gold and silver differ in the surface
energy morphology, (e.g., in peak-to-valley energy difference is 6.0 kcal mol™ for
gold but is only 3.3 kcal mol™” for silver).’! The valleys are the most favored
binding sites (hollow sites), the peaks are the least favored sites (on-top sites).
Therefore, even though surfaces of Au(111) and Ag(111) are atomically flat, site
selection of adsorption exists due to the energetical heterogeneity.

Thiolates on Au(111) only occupy the most energy-favored sites (i.e. every
sixth hollow site), forming a (73 x+/3)R30° overlayer. ¢ ! However, on

Ag(111), adsorption at an on-top site could compete with that at a hollow site due
to the small peak-to-valley energy difference. These different adsorption patterns

explain the structure differences: for thiolates on Ag(111), the most effective
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absorption structure has a spacing about 4.4 A and the molecular axis normal to

the surface;'*”! however, on Au(111), the most effective spacing is near 5.0 A

with a molecular axis tilted about 30°. If SAMs on gold had the same structure as
those on silver, they would not be stable due to the chemisorption potentials and
charge-charge repulsion.

The difference between alkanethiolate SAMs on Au(111) and Ag(111)

might also result from the interplay of chemisorption and chain-chain interactions.

For example, the S-S distance for methanethiolate on Ag(111) is 4.41 A, which
fits well with the distance of 4.41 A obtained from the most effective spacing;

however, the distance is about 4.6 A for a long alkyl chains monolayer on

Ag(111). The chain-chain van der Waals interaction is believed to cause the
differences.

For SAMs on copper, there is little structural information available in the
literature. The reason might be the poor reproducibility of the test results. The
structure of SAMs formed on copper is extremely sensitive to the history of the
sample and experimental techniques in sample preparations. High quality films
on copper are composed of closest packed chains with significantly shorter
interchain spacings than that on gold; on the contrary, poorer quality films contain
a great amount of disorder. This is because the surfaces of copper oxidize rapidly

upon exposure to air.
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2.6 Kinetic of adsorption

Kinetics of formation of SAMs is relatively complex because the rate of
adsorption is influenced by many factors, some of which are easily controlled,
such as temperature, solvent, and adsorbate concentration, and others are inherent
to the system, such as reactivity of surface atoms, chain-chain interactions and
reversibility of reaction at surfaces.

Based on two different kinetics involved in the whole adsorption process,
linear chain monolayer growth kinetics is insightfully proposed by Bain et al
The initial step is the formation of an imperfect monolayer via very fast
adsorption of SAMs molecules on the substrate surface. This step lasts a few
minutes. At the end of the initial step the contact angles are close to the final
values and the thickness is about 80-90% of its maximum value. The second step
is a slow process of additional adsorption and consolidation, which takes a long
time from several hours to even several days. At the end of the second step all
parameters reach their own final values. In this step, solvent included in the
monolayer is gradually expelled and defects are repaired by lateral diffusion.

For a long linear alkyl chain monolayer, this mechanism is followed quite
well. This two-step mechanism was confirmed by various studies and has been
generally accepted by other researchers. In fact, some other factors, such as steric
effects, surface roughness and contamination, probably have considerable impact
on the total kinetics. In some cases, included solvent still remains in the

monolayers. (As the authors mentioned, experimental conditions must have a
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significant role in each system employed.) Recent investigations shed new light
on this topic.

Evans et al. investigated the chain steric effects on the total kinetics.*4 1t
is found that if the chain contains a bulky group (e.g. aromatic groups), the
chemisorption kinetics is greatly impeded by the chain disorder.[*®]

Recently, Hong et al. proposed a similar monolayer growth mechanism
from their nanolithography studies.”® Based on their results, the formation of
SAMs is initialized by a relatively slow nucleation process, followed by a fast
island monolayer growth process, and finally accomplished by a slow saturation
process. It was also pointed out that adsorption and desorption processes might
play an important role in the formation of the final equilibrium structure of the
monolayers. Admittedly, the two-step mechanism with other modifications should

be regarded as a general case; for each new system, the kinetics should be

reestablished with specified experiment conditions.

2.7 Stability of SAMs

The implementation of SAMs into industrial applications is largely depended
on the stability of these films under ambient and extreme conditions.®” The
deterioration of alkanethiol SAMs under thermal stress or long time exposure to

air has been widely reported.

2.7.1 Thermal stability of SAMs
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The thermal durability of alkanethiolate SAMs under ambient atmosphere has
been addressed in the literature. It has been found that SAMs could be stable
within moderate temperature range. The deterioration of SAMs by thermal stress
will result in the loss of order in the monolayers.

Nuzzo ef al. first demonstrated loss of sulfur from SAMs of
hexadecanethiolate on gold over the temperature range of 150-200 °C.L IR results
indicated that the thermal-induced structure changes were reversible below 125
°C; however, these changes became irreversible when heating up to 150 °C.
Partial desorption of the adsorbate or structure restructuring might occur at 150
°C. When the temperature increases to near 200 °C, no adsorbate is left on the
substrate. Differential scanning calorimetry (DSC) studies have also revealed that
the thermal behavior of surface-adsorption molecules significantly differs from
that of the bulk materials. Furthermore, the adsorption bond energy was estimated
from thermal desorption results.!? ™!

In their later work, Nuzzo et al. performed temperature-programmed
desorption of methanethiolate SAMs on gold. It was reported that the desorption
was a molecular process, i.e., there was no ionization involved in the desorption.
The substrate surface was clean after desorption.[*>*7)

In a detailed mass spectroscopic study, Jaffey and Madix illustrated the
desorption mechanism of a fers-butyl thiolate monolayer on gold. The fert-butyl
thiolate is stable up to about 130°C and a maximum desorption is at about 200°C.

In their opinion, the main decomposition might occur via a disproportion reaction

between two adsorbed thiolate molecules in SAMs, resulting in a thiol molecule
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with one alkene, and adsorbed sulfur on gold. The formation of H,S might be the
result of a direct reaction of the thiol and adsorbed sulfur./’"!

A STM/XPS study of dodecanetiol SAMs on gold showed surface phase
changes accompanying the loss of thiolates.[” It showed that no surface change
occurred below 85 °C. Their STM/XPS study also revealed that desorption
competed with thiolate oxidation and alkylsulfonates remained in the monolayer
for temperature less than 100 °C. At 100 °C, the top layer of the gold mobilized
and the depressions fused with terrace edges forming larger domains, resulting in
a lack of thiolate molecules.

Recently, Schlenoff et al. reported that for a monolayer of 1-
octdecanethiol self-assembled on gold, a complete loss of sulfur occurred at 210
°C." However, the desorption process occurred in a wide temperature range with
partial loss at 100 °C. Desorption increases and coverage decreases with
increasing temperature.

The thermal stability of SAMs is largely related to the monolayer species,
quality of SAMs, and the environment. Herein, the thermal sensitivity of SAMs-

coated metals should have a significant impact on their applications.

2.7.2 Stability of SAMs in air

It has been well established that alkanethiol-SAMs are extraordinarily
inert under ambient conditions."" ® ™! However, organothiol monolayers on gold
exposed to air for prolonged periods have been shown to oxidize to sulfinates and

sulfonates, suggesting their stability is limited.!'® 7% Once oxidized, aromatic
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sulfonates have been claimed to subsequently desorb upon aqueous washing,
indicating weaker surface affinity than the original SAMs. In addition, it has been
established that oxidized SAMs rapidly exchange with thiols when placed in fresh
= thiol solution.l’* 7678
Using laser-desorption Fourier transform mass spectrometry (LD-FTMS),
Li er al. "™ first reported the formation of sulfonate resulting from air exposure of
alkanethiol-SAMs [CH3(CH;),SH, n = 3,5,7,8,11 15, and 17] adsorbed on gold.
Unfortunately, neither the extent of oxidation nor the rate of the oxidation process
was determined in their work. Their result was confirmed by Tarlov and Newman
by using static secondary ion mass spectrometry (SSIMS).[ 1t was found that the
sulfonate species formed in the oxidation process were replaced by thiols when
reimmersed into solution. In fact, no sulfonate species was detected with SSIMS
from any SAMs stored in air-saturated thiol/ethanol adsorbated solution for
periods up to 2 months, indicating that any sulfonates formed are continuously
displaced by thiol molecules. However, contrary to the reports by Li et al. and
Tarlov and Newman, Scott et al!™ suggested the possibility of SAMs being
extensively oxidized in air in the study of the exchanging of CH3(CHy);SH
SAMs on gold with CH3(CH,)oSH using LD-FTMS.
In an IR study of the aging of alkanethiol SAMs 7°! a change in the
relative intensities of the v(C-H) bands was observed, suggesting a tilting of
alkanethiol molecules away from the surface normal. Based on their observation,

Horn et al. proposed that the SAMs restructuring is due to alkanethiol oxidation at

the sulfur head group.

26



UV-assisted oxidation of alkanethiol SAMs on gold has been widely
investigated.!’® ***5] photooxidation of SAMs has received considerable attention
due to its potential for selective patterning of gold surfaces.l’® *) Rieley et al B!
used near-edge extended X-ray absorption fine structure and ultraviolet
photoemission spectroscopy to study the photooxidation of CH3(CH,);SH SAMs
on Au (111). They theorized that incident UV radiation absorbed by the gold
surface produces O, which can subsequently oxidize adsorbed thiolate species to
the sulfonates. Extensive sulfonate formation was observed in the region of the
surface exposed to UV light.

Hutt and Leggett studied the effects of UV irradiation of methyl-
terminated alkanethiol SAMs [CH3(CH,).SH, n =2, 5,7, 9, 11, 15, and 17] on
gold using XPps.1B4 They also observed significant thiolate oxidation to sulfonate
species by “active” O species as a result of UV exposure. The rate of
photooxidation was found to vary significantly with alkyl chain length; short-
chain-length SAMs oxidize much faster than long-chain SAMs.

Lewis et al.® studied the photooxidation process of alkanethiol SAMs
[CH3(CHy),SH, n = 5, 9, and 17] on electrochemically roughened silver using
surface enhanced Raman scattering (SERS) and concluded that UV irradiation in
air photochemically induces C-S bond scission. The alkyl chain fragments
subsequently desorb so that the surface-bound sulfur is exposed to the air and is
oxidized.

Recently, Schoenfisch et al.®¥ studied the effect of ambient laboratory air

without UV irradiation or light exposure on the structure of SAMs
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[CH3(CH,)oSH, n = 2, 11, and 17] formed on silver and gold surfaces by using
XPS and Raman spectroscopy. Their results clearly demonstrate oxidation of
alkanethiol SAMs on silver and gold upon air exposure in the absence of light.
However, the extent of oxidation is small after one week of dark air exposure and
these SAMs still generally retain their integrity with respect to electron transfer
blocking properties. It was also inferred that the oxidation rate varies strongly
with alkyl chain length. Long-chain-length SAMs oxidized much more slowly
due to the inability of the active oxidant species to penetrate the closely packed
alkyl chain structure. Short-chain SAMs oxidize faster as a result of shorter
distances between the outside of the SAM and sulfur headgroup and the greater
number of defects. Poorly formed films containing large number of defects are
less stable.

Despite the interest in using SAMs for a variety of applications, few
studies have thoroughly investigated alkanethiol oxidation in an ambient
laboratory environment by spectroscopic techniques. The air stability of SAMs
may be of considerable importance to the photopatterning community because of
the need to selectively control oxidation.*®!

Many factors affect alkanethiol oxidation, including chain length, initial
film quality, nature of the metal substrate, and atmospheric ozone (Os) levels.
Conflicting reports on the stability of SAMs in air are probably due to a

combination of the above factors; however, the concentration of Os in laboratory

air might be the determining factor.
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2.7.3 Stability of SAMs in corrosive solution

As far as our knowledge goes, there have been few investigations on the
electrochemical stability of SAMs in aqueous solutions.

In their electrochemical stability study of organosulfur-forming SAMs on
gold, Beulen ef al. found the SAMs could retain their integrity within a limited
potential range in 0.1 M KZSO4.[87] In their work, charge-transfer resistance was
chosen as the parameter to evaluate the electrochemical stability of SAMs, which
remains constant within a certain potential range and exhibits a rapid decay
outside that range. The potential range varies with the species and quality of
SAMs. Unfortunately, the authors provided little information on the origin of the
destruction of the monolayer beyond the potential range.

331 provided an elegant explanation for the

Zamborini and Crooks
corrosion passivation of gold by n-alkanethiol in aqueous halide solution. For
gold modified by hydrophobic SAM, pitting corrosion occurred on the substrate
surface. Since the surface of SAM was hydrophobic, halide ions could access gold
and attack the surface only at the defects within the monolayer. The initial pits in
gold expanded preferentially in the gold surface plane. Gold dissolved within the
pits accompanying desorption of some thiol molecules. At a higher potential, it
dissolved downward in a stepwise manner and resulted in deeper and wider
pitting.’®! Some thiols around the pits desorbed from the monolayer while others
reoriented more parallel to the surface plane. This means that the thiols were

disordered in and around the vicinity of the pits; however, the monolayer

remained ordered at the region between pits. Figure 2.6 shows the illustration of
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the mechanism. Their corrosion mechanism is partly in contrast to that of
Scherer’s,"*” which suggested a similar pitting mechanism but no thiols left in the
pits. The initial corrosion of a gold surface covered by hydrophilic SAM is similar
to that modified by hydrophobic SAM; i.¢. pits started at defects in the monolayer
and expanded along the surface plane. Since hydrophilic SAMs are more mobile
on the surface in aqueous solutions, deep pitting was inhibited by the reorientation
of thiols that were on the original terrace. Finally, all thiols were parallel to the
surface in a tail-to-tail conformation, which is energy favored due to the
formation of hydrogen bonding between the end groups. Therefore, corrosion
occurred in a smooth layer-by-layer pattern and no deep pits were observed. This

mechanism is illustrated in Figure 2.7.

2.8 Applications and future work

To date, many studies on SAMs have focused on ways for chemical

modification of SAMs to build new structures with novel properties.'"’

2.8.1 Intermolecular interactions and surface engineering in

SAMs

SAMs offer a vehicle for understanding of interfacial phenomena, self-
organization, and structure-property relationships. SAMs also provide the

flexibility for materials and individual molecule design and engineering.

30



The stability of the monolayer can be improved simply by introducing specific
interchain interactions into the SAMs. Additional dipole-dipole and/or hydrogen
bonding interactions will result in the enhancement of ordering and packing in the
monolayer. Experimental results and molecular dynamics simulations have
proved that sulfone (-SO,-) groups in the alkyl chain could increase the dipole-
dipole interactions between chains. It is evident that the strong electrostatic
interactions between SO, groups would promote the formation of a dipole plane
within the assembly, which affects the packing and ordering of the monolayers.*’]
Further studies have revealed that the monolayer stability against desorption and
exchange rate is significantly improved by introduction of amide (-NHCO-)
groups into the alkyl chain resulting in intermolecular H-bonding. Compared with
original SAMs, the exchange rate is 100 to 1000 times slower for the SAMs
modified by an amide group. At 107 torr, no desorption occurred from
CF;CH,NHCOCH,SH SAMs on gold for at least 48h. However, at 10" Torr,
desorption from CF3(CH;);SH SAMs on gold had a half-life time of about 2.0

Alkanethiol SAMs with functional endgroups are important for surface
engineering and for further chemical reactions. A monolayer of carboxylate-
terminated alkanetiols can react with alkanoic acids and amines to form a bilayer
structure.  Furthermore, the carboxylate group can be transformed to the
corresponding acid chlorides, which can further yield amides and esters. By
repeated similar procedures, polymeric SAMs and multilayers of thiolester were
obtained by Kim et al. SAMs with terminal hydroxy group have even more

applications in surface modifications. For instant, the OH group can be cross-
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linked with alkyltrichlorosilane and water to form two-dimensional polymer
monolayers, which are more resistant to diffusion of O, and penetration of
corrosive ions.* ° ®2 SAMs with OH terminal groups also can react with
OTS,”? with POCL,**®! with anhydrides,”” with alkylisothiocyanate,*®! etc.

Prucker and Riihe modified the endgroup of SAMs on gold to an initiator.””!

Further polymerization reactions were initiated. These new types of SAMs not
only considerably enlarge the region of SAMs but also provide a great
opportunity for studies of molecular recognition, electron transfer, interface

phenomena, etc.

2.8.2 Corrosion protection by SAMs

Additionally, SAMs offer the possibility of protecting metals from
corrosion in corrosive media. The advantages of SAMs over common organic
coatings are: (i) the film forms through a simple chemisorption process and
strongly adheres to the metal surface and, (ii) their thickness can be controlled at
the nanometer level by selecting adsorbates and, (iii) they do not significantly
alter the appearance or most other characteristics of the substrate except changing
hydrophilicity of the metal surfaces. Theoretically, the hydrophobic alkanethiol
SAMs are ionic insulators, being able to isolate the metal surface from the
corrosive solutions. However, there have been few corrosion studies of copper

surfaces modified with alkanethiols up to now, as far as our knowledge goes.
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2.9 Summary

It is concluded from the studies reported that self-assembly of alkanethiol
monolayers on copper and iron substrates is relatively difficult because copper
and iron oxidize easily. Copper is a metal widely used in chemical and electronics
industries due to its high thermal and electrical conductivities and low cost.
Obviously, it is more valuable to prepare alkanethiol SAMs on copper substrates
than on gold substrates from the viewpoint of practical application. Additionally,
the techniques for self-assembling the monolayers on copper, especially the
surface pretreatment process, requires improvement. In addition, more
characterizations concerning properties of alkanethiol SAMs on copper should be
carried out. Therefore, we choose to prepare and study SAMs of three n-

alkanethiols with different chain lengths on a copper substrate in this work.
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Figure 2.1. A schematic graph of Self-assembled monolayers [1]
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Figure 2.2. A schematic graph of organosilicon monolayer at substrate surface [1]
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Chapter 3 Experimental Section

3.1 Chemicals

1-hexanethiol (C6SH) (Aldrich, 95%), 1-dodecanethiol (C12SH) (Aldrich,
> 98%), 1-octdecanethiol (C18SH) (Aldrich, 98%) and benzyl mercapto
(PhCH,SH) (Fluka > 99%) were used as received. Three alkanethiols and benzyl
mercapto were dissolved in the anhydrous ethyl alcohol (Aldrich) to form 1 mM
ethanolic solutions.

ACS reagent grade hydrochloric acid (Fisher), sodium chloride (Fisher),
sulfuric acid (Fisher), and nitric acid (Aldrich) and deionized water were used to

prepare the 0.2 M HCIl, 0.2M NaCl, 0.2 M H;S0Oy4, and 7 M HNO; solutions

respectively.

3.2 Preparation of Copper Electrodes

One copper rod of 3.1 mm in diameter (Aldrich, 99.999%) was used for
electrochemical experiments. The copper rods were embedded in an epoxy resin
mould, leaving only their cross-section exposed to the alkanethiol alcoholic

solutions and corrosive electrolyte solutions.

3.3 Monolayer Self-Assembly

The copper electrode surface was ground with SiC abrasive papers of
decreasing particle size to 600 grit finish. After grinding, the sample was first

rinsed with deionized water then degreased with acetone, dried in a stream of
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compressed air, and then galvanostatically reduced in 1 M HCIO4 for 5 minutes,
followed by etching in a 7 M HNOj3 solution for 30 seconds to obtain a fresh,
oxide-free copper surface. After etching, the sample was rinsed again with
deionized water and anhydrous ethanol, and finally immersed in 1 mM
deoxygenated alkanethiol ethanolic solutions for 30 min - 4h, depending on the
experimental requirements. The alkanethiol solution was purged with high-purity

nitrogen for several hours before and during the sample immersion.

3.4 Electrochemical Measurements

All the electrochemical measurements were carried out in a conventional
three-electrode cell at room temperature (22°C £ 0.2) by using a Solartron
electrochemical workstation. During the measurement a bare copper electrode or
one of the SAMs-covered copper electrodes was connected as the working
electrode. The counter electrode was a long coiled platinum wire and the
reference electrode was a saturated calomel electrode (SCE) to which all the
potentials in the paper are referred. The SCE was led to the surface of the working
electrode through a salt bridge with a Luggin capillary.

(i) Cyclic votammetry.

Cyclic voltammetry was conducted for a bare copper electrode and SAMs-
covered copper electrodes in 0.2 M HCI and 0.2 M NaCl solutions. Changes in
current density with potential were measured from a negative initial potential to a

positive vertex potential designated, and then from the positive vertex potential to
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a given negative vertex potential, and finally back to the initial potential at a scan
rate of 20 mV/s.
(ii) Polarization measurements.

The samples were immersed in the test solution till a steady open-circuit
potential was reached before starting the potentiodynamic polarization
measurements. The potentiodynamic polarization measurements were begun from
the cathodic to the anodic potentials at a scan rate of 0.2 mV/s over a potential
range of Eo £ 150 mV, where E, is the open-circuit corrosion potential of the
electrode.

(iii) Impedance measurements.

EIS measurements were performed by using a Solartron 1255B frequency
response analyzer interfaced to a 1287 electrochemical interface. EIS
measurements were done at the open-circuit potentials, anodic or cathodic
potentials in the frequency range from 60 kHz to 10 mHz with ten points per
decade under the excitation of a sinusoidal wave of 5 mV amplitude. The
impedance data were analyzed with Zview software and fitted to the appropriate
equivalent circuits. The values of the elements in equivalent circuits were then
derived from the fitted results.

(iv) Electrochemical noise measurement.

Electrochemical voltage and current noise were measured at open-circuit

potentials. Two identical copper rods embedded in an epoxy were connected to a

Solartron 1287 electrochemical interface, which served as a zero resistant
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ammeter (ZRA) to ensure zero potential difference between the two electrodes

throughout the test.

3.5 FTIR measurements

FTIR measurements were made using a Bio-Rad Digilab FTS-40
spectrometer equipped with a Harrick Scientific Seagull reflection accessory and
a liquid-N; cooled MCT detector. Before FTIR measurements, the potential of
the sample was scanned positively to a specific potential at a rate of 20mV/s. The
sample was pulled out, rinsed first with deionized water then with anhydrous

ethanol, and dried in a steam of compressed No.

3.6 Scanning Kelvin Probe Experiments

A scanning Kelvin probe was used to measure the electron work function
(EWF) of the different sample surfaces. To achieve the same surface roughness,
the surface of the copper samples was polished with 0.5 pm Al O3, rinsed with
deionized water, degreased with acetone, dried in a stream of compressed air, and
then galvanostatically reduced in a 1 M HCIO;4 solution for 20 minutes, to obtain
oxide-free copper surface. To minimize the contamination and oxidization of
SAMs, the samples were immediately transferred to the chamber where the
scanning Kelvin probe experiments were performed. The measurement was
performed by applying a DC potential, termed the backing potential (Vb), to the
sample and detecting the output signal via an amplifier connected to the tip

electrode. A data acquisition system was used to measure the average peak-to-
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peak height (Vptp) over a number of cycles as a function of Vb. The fractional
changes in capacity and, thus, the work function were determined from the data
set (Vptp, Vb). The process of the measurement was controlled via a computer. In
the present work, the reference electrode was Au, and the EWF measurements

were carried out in the atmosphere.
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Chapter 4. Results and Discussion

4.1 Voltammetric Characterization

Cyclic voltammograms (CVs) of the first through third scans of bare copper at
20 mV/s in 0.2 M NaCl solution are shown in Figure 4-1.

The three scan curves, similar in shape and magnitude of current, revealed two
oxidation peaks (A; and Bj) respectively at 0.13 V and 0.48 V in forward scans
and an anodic hump (C)) at about 0.01 V and one large reduction peak (point D;)
at —0.345 V in the reverse scans. The first anodic current peak (A;) is related to
the oxidation of Cu to Cu (I).[""? Before the potential was increased anodically to
the first peak potential, the anodic dissolution of copper proceeds via the

following two-step sequence:

Cu+Cl" =CuCl+e” )

CuCl + CI” = CuCl; 2)
where CuCly” is the sole anodic dissolution product of copper according to Lee
and Nobe’s description.! At potentials near the peak potential (0.13 V), a CuCl
salt film starts to build up on the copper surface. The second anodic current peak
may be ascribed to the oxidation of Cu(l) to soluble Cu(Il) species and the
formation of cupric oxide and/or hydroxide species in the neutral electrolyte
solution used here. The large reduction peak corresponds to the reduction of

soluble CuCl; complex and the CuCl layer on the copper surface, which has been
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proved by the CVs of the copper in Figure 4-2 in which the potential was scanned
between —1.0V and 0.21 V.

The CVs in Figure 4-2 show an anodic peak and a reduction peak, whose
potential positions and current magnitude correspond well to the first anodic peak
and the large cathodic peak shown in Figure 4-1. The reduction hump C;, on the
other hand, is associated with the reduction of cupric to cuprous states.

Figure 4-3 and Figure 4-4 show the CVs of the copper electrodes covered by
C18SH and C12SH SAMs, respectively, at the same scan rate in 0.2 M NaCl after
the copper electrodes were immersed in 1 mM alkanethiol solutions for 4 hours.
Comparing with the naked copper electrode, the first CVs of the SAMs-covered
electrode display a distinctive difference in the polarization behavior. In addition,
the effect of the SAMs on the polarization behavior of the first CV highly depends
on the length of carbon chains of SAMs.

For the C18SH or C12SH-SAMs-coated electrode, a large anodic peak (B3
in Figure 4-3 or By in Figure 4-4) and a cathodic peak (D3 in Figure 4-3 or D4 in
Figure 4-4) were observed. Additionally, small anodic peaks, A3 and A4, appeared
in the first forward scan curves in Figure 4-3 and 4-4, respectively. By comparing
with the CVs of the copper, it is believed that oxidation process from Cu(0) to
Cu(l) is strongly inhibited for C18SH or C12SH SAMs-covered copper surfaces,
and the electro-oxidation takes place only at the defective sites of SAMs. With
further increase in the applied potential, C18SH (or C12 SH) SAMSs are
anticipated to be stripped off gradually from the substrate surface via

[4-6]

electrochemical desorption,” ™ resulting in an increase in the defective sites, and
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consequently enhancing the anodic dissolution. It is also observed that the
cathodic peaks (D in Figure 4-3 and D4 in Figure 4-4) in the first CVs were
smaller in magnitude than that observed with the copper electrode (D in Figure 4-
1), However, the polarization behavior of the C18SH (or C12SH)-SAMs-covered
electrode, including the shape and current magnitude of the cathodic reduction
peaks, was almost the same as that for the copper electrode for the second and
subsequent cyclic voltammograms. As mentioned above, this phenomenon
implies that the SAMs are removed from the copper substrate during the first
cyclic voltammetric sweeping.

To confirm the strip of SAMs at the large anodic potential peak, B3, a
separate experiment was performed by limiting the scan potential slightly below
the large anodic potential.

Figure 4-5 shows that, when the C18SH-SAMs-coated electrode was
repeatedly scanned in the potential region where the first anodic and the large
cathodic peak appeared, both the anodic peak current and the cathodic peak
current increased with the increasing scanning cycles. This observation indicates
that the defects in the C18SH SAMs gradually increase with repeated potential
scans even though the upper potential limit is relatively low, about 0.02 V (vs.
SCE).

For the C6SH SAMs, a substantial inhibition of the electro-oxidation of
the copper substrate was observed, as shown in Figure 4-6. However, its
protective ability is poorer compared with C18SH-SAMs or C12SH-SAMs. The

first CVs of the C6SH monolayer-covered electrode exhibited a distinct anodic
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peak (Ag), which can be attributed to the oxidation of elemental copper, Cu(0), to
Cu(]) species, a complex anodic peak comprised of two anodic peaks (Bg), and a
cathodic peak (Dg), which is almost independent of scanning cycles. This
characteristic indicates that C6SH SAMs contain more defects than C18SH or
C12SH SAMs, and offer less effective inhibition to the oxidation of Cu(0) to
Cu(l). It is also noticed that the cathodic peak obtained in the first scan is
approximately the same in shape and current magnitude as that of the copper. This
observation further supports the suggestion that there exist more defects in C6SH
SAMs.

4.2 FTIR Characterization

Figure 4-7A shows the Oex situ FTIR reflection spectrum of C18SH on a
copper surface after 4h of immersion in a 1 mM C18SH ethanol solution, and
Figures 4-7B-D display those of C18SH on copper after the potentials were
scanned positively to different anodic potentials.

C18SH SAMs are the CH;-terminated SAMs and the characteristic peak
positions for methyl (-CHj3) and methylene (-CH,-) are marked in the IR spectra.
As shown in Figure 4-7A, the bands at 2963.9 cm™ and 2878.8 cm™ are assigned
to the asymmetric (v,) and symmetric (vs) CH3 modes, respectively; the bands at
2918.9 cm™ and 2850.4 cm™ are assigned to the asymmetric (v,) and symmetric
(vs) CH;, modes, respectively. The infrared reflection spectra for self-assembled
C18SH on copper are similar to those of the C18SH SAMs on gold reported by
Porter et al.!”! thereby further confirming that the C18SH monolayer was self-

assembled successfully on the copper surface. When the potential was scanned
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positively to the potential corresponding to the end of the first anodic peak (0.014
V) and the one in the rising part of the second anodic peak (about 0.30 V), the IR
spectra (see Figure 4-7B and 4-7C) still displayed these four characteristic bands,
indicating the existence of C18SH on the copper surface. At a more positive
potential after the end of the second peak (0.85 V), the IR spectrum (Figure 4-7D)
shows a flat baseline, which proves that C18SH SAMs have been completely
stripped off from the copper surface. IR spectra confirm that alkanethiol SAMs
are gradually removed from the copper substrate with increasing anodic potential.
These observations are consistent with the observations from the cyclic

voltammetric study.

4.3 Polarization Curves

Polarization measurements are usually used to evaluate the effectiveness

of organic coating on corrosion inhibition.

For the copper electrode, the anodic polarization curve exhibits a linear
region from —0.10 V to —0.055 V with a Tafel slope of about 0.056V/decade,
which is close to the theoretical value of 0.060 V/decade. The anodic polarization
also shows an anodic current peak centered at —0.019V, which is associated with
the CuCl film formation.!’ Earlier studies by Lee and Nobe!®! have demonstrated
that CuCly™ is the diffusion-limiting species in the apparent Tafel region. The
reduction processes involved in this electrochemical system in NaCl electrolyte
are the reduction of dissolved oxygen and hydrogen evolution at a very negative

potential range. Thermodynamic data show that hydrogen evolution does not
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occur at a potential higher than —0.66 V (vs. SCE). Thus, the cathodic reaction in
the Cu/NaCl system is essentially the reduction of dissolved oxygen, which is also
controlled by the diffusion process.[?!

For electrodes covered by the three alkanethiol SAMs, both the anodic and
cathodic currents were inhibited; however the effect is more apparent for the
cathodic reactions than the anodic reactions. The cathodic currents are reduced
by two orders of magnitude. These results indicate that the alkanethiol
monolayers significantly inhibit the reduction of dissolved oxygen and suppress
moderately the anodic dissolution of copper. It is well known that the hydrophilic
mercapto groups (-SH) of alkanethiol SAMs anchor on the copper surface and the
hydrophobic hydrocarbon chains constitute the ultrathin protective monolayers.
The protection ability of alkanethiol SAMs against corrosion of copper may be
due to the non-conducting property of the alkyl moiety in the densely packed
monolayers on the copper surface.*] The resultant surface hydrophobicity of
SAMs also contributes to corrosion protection. The hydrophobic SAM surface
provides an effective barrier against the intimate contact of water with the
underlying copper surface, thus retarding electron transfer across the
electrode/solution interface.

The protection efficiency (PE) of SAMs was calculated by the formula

given below:

PE(%) = feor ~Leom 100 3)

lCOW
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where i, and i ., denote the corrosion current densities of the bare and SAMs-
coated electrodes, respectively. The corrosion current densities for all the
electrodes tested were determined from the polarization curves by the Tafel
extrapolation method. The values of i o OT i o, together with the corresponding
values of the protection efficiency for the three SAMs, are listed in Table 4-1.

It is seen from Table 4-1 that SAMs have quite high protection efficiencies
for copper corrosion, over 99%, which is in approximate agreement with Feng
and co-worker’s result’” and is much higher than the results reported by others.'”
1 The discrepancies in protection efficiency probably arise from the surface
treatment of samples before monolayers are self-assembled. Because copper,
unlike gold, gets oxidized readily in the atmosphere, pretreatment of the copper
surface has a significant influence on the formation of an alkanethiol SAM. The
method of removing the oxides on the copper surface and the method of
preventing the copper from being oxidized are the key steps for the preparation of
alkanethiol SAMs. Usually, the copper surface is reduced at cathodic potentials in
strong acidic solutions, such as HClO4, to remove the oxides on the copper
surface. However, our experiments have proved that it is more important to
maintain the copper surface fresh and oxide-free than to simply convert the oxides
from the copper surface. Provided that in our tests the copper surface was etched
in concentrated HNO3 for 20 seconds before self-assembly of alkanethiols, the
SAMs prepared this way would yield high protection efficiencies in corrosive

solutions.
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The significant protection ability of alkanethiol SAMs to the underlying
copper and its convenient preparation methods provide a great potential of
application in the corrosion protection of metals.

We will focus on investigation of electron transfer across the SAMs and

the durability of SAMs in corrosive solutions in the next section.

4.4 EIS Results

4.4.1 EIS Evaluation on SAMs in corrosive solutions

Figures 4-9 through 4-11 show the Nyquist impedance plots of the bare
and alkanethiol-SAMs-covered copper electrodes in 0.2 M NaCl, 0.2 M HCl and
0.2 M H,SOy4 solutions, respectively.

The common feature of Nyquist plots for the copper electrode is that they
display a small semicircle in the high-frequency region and a straight line in the
low-frequency region (see Figures 4-9A, 4-10A and 4-11A). To note that, for a
Cuw/HCI system, the high-frequency semicircle is so small that it is almost covered
by the straight line. The high-frequency semicircle is generally associated with the
electrical double-layer relaxation since the charging and discharging process is
rapid.’® ' ! The low-frequency straight line, i.e. the Warburg impedance, is
attributed to diffusion of soluble reactant or product species. In chloride-
containing solutions, corrosion reactions on a copper surface consist of the anodic
dissolution of copper and the reduction of the dissolved oxygen, and the two
reactions are believed to be diffusion controlled.* '® We are inclined to think

that the diffusion of dissolved oxygen is a rate-controlling step during the
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corrosion of copper. For copper corrosion in sulfuric acid, only the reduction of
the dissolved oxygen involves the diffusion process. Accordingly, the Warburg
impedance in Figure 4-11A is naturally ascribed to diffusion of oxygen from the
bulk solution to the copper surface. The impedance spectra composed of a
semicircle and a Warburg impedance can be fitted by the equivalent circuits A or
B in Figure 4-12. R; is the solution resistance between the working electrode and
reference electrode, and R, the charge transfer resistance for the corrosion
reactions. In Figure 4-12A, Cg4 is the double-layer capacitance at solution/copper
interfaces, while in Figure 4-12B, a constant phase element (CPE) is substituted
for the capacitor to fit more exactly the depressed semicircle. Admittance and

impedance of a CPE are, respectively, defined as
Y, =Y (j@)" “

and
Zy =~ )
0
where subscript Q represents a CPE, Y is the modulus, o the angular frequency
and n the phase.!'”

When the copper surface was covered with the alkanethiol monolayers,
the impedance behavior of the copper electrode changed significantly in both size
and shape. The previous Warburg impedance observed in Figures 4-9A, 4-10A
and 4-11A disappeared, and large capacitive loops, whose diameters depended on

the solutions used, were observed. It is worth noticing that their low-frequency

impedance behavior is very peculiar, quite different from the usual inductive
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loops. The low-frequency loops obtained in chloride-containing solution appear to
be similar to the inductive loops but in fact they are not since the impedance data
in the low frequency are positive rather than negative. A similar behavior was also
found in 0.2 M H,SOy solution for the C6SH-SAMs-covered electrode (see Figure
4-11B).

As mentioned earlier, if the SAMs are defect-free insulators and strong
enough to resist corrosion attack by the corrosive ions, the equivalent circuit for
the SAMs-covered electrode should be a series combination of a solution resistor
(R;) and a capacitor (Cgm), which represents the capacitance of SAMs (Figure 4-
13A), whose impedance display in the complex impedance plane should be a
straight line normal to the real axis (see Figure 4-13B).

In fact, recent results!'®! have shown that electrons can penetrate SAMs
even though they are defect free; moreover, the SAMs often contain molecule-
sized defects.'”” As a result, the impedance spectra for the SAM-covered
electrodes give a slightly depressed semicircle at high frequency. Zamborini and
Crooks proposed a corrosion mechanism for the electrode coated by the defect-
containing SAMs.?®! The corrosive ions, such as halide ions, can permeate the
SAMs through the defect sites and directly contact the surface of bare metal,
giving rise to the corrosion of metal substrate and leading to destruction of the
SAMs. Long hydrocarbon chains within SAMs can partially heal the defects. It is
inferred that, the whole electrode process at SAMs-covered copper electrode
involves not only the electrochemical corrosion reactions at the defect sites, the

transfer of electrons across the monolayers by means of the tunneling effect!!®!
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and the ion/water migration within the SAMs, ™ but also the local breakdown and
self-reparation of SAMs.”) The peculiar low frequency impedance behavior
shown by Figures 4-9B, 4-10B and 4-11B may be associated with these various
features.

In general, for the metal electrodes without coatings, the diameter of the
high-frequency semicircle is treated as the charge-transfer resistance (Rt),[15 ]
which may be used to evaluate the corrosion rate of metals and the inhibition
efficiency of inhibitors against corrosion of metals. The smaller the R,, the faster
the corrosion reaction proceeds. But for the electrodes with coatings, the high
frequency capacitive loop is related to the barrier and protective properties of the

(4] whereas the time constant originating from the Faradaic reactions

coatings,
usually appears only in low frequency because the time constant is relatively
large. Different equivalent circuits’® 2> %! have been established so far to
interpret impedance behavior of the SAMs-coated electrodes. However, these
circuits are inconsistent with each other in interpreting the physical meaning of
elements and explaining the origin of the high-frequency semicircle. In this study,
we consider that SAMs behave somewhat like organic coatings, on the basis of

[24] 5 general equivalent

Deflorian and co-workers’ model for protective coatings,
circuit for a SAMs-covered electrode is established (see Figure 4-14A).

In Figure 4-14A, R, Ry, Cq and Z, have the same physical meaning as in
Figure 4-12A; Cqm is the capacitance of the SAMs, Rsam represents the transfer

resistance of electrons through the monolayers, which reflects the protective

properties of the SAMs. If CPEs are used to replace the capacitive elements, the
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improved equivalent circuit is shown in Figure 4-14B. When the influence of the
mass transport process is insignificant, Z,, can be ignored and the equivalent
circuit in Figure 4-14 B can be simplified to the one in Figure 4-14C. The circuit
in Figure 4-14B can be further simplified to the circuit in Figure 4-14 D under the
condition that Rem >>R..!

The impedance spectra for the copper electrodes of bare and coated with
the SAMs were fitted by using circuit B in Figure 4-12 and circuit D in Figure 4-
14, respectively. Here we just fitted the high-frequency capacitive loops of the
SAMs-covered copper (see solid lines in Figures 4-9 through 4-11). The values of
elements of equivalent circuits obtained by fitting are given in Table 4-2. The
capacitance values of SAMs and the double-layer were calculated by means of the

[17] and are also listed in this table.

method proposed by Ma

Comparison of values of Rgy and Cgy for C18SH, C12SH and C6SH
monolayers shows that the longer the hydrocarbon chain, the larger the value of
Rsam and the smaller the value of Cg,p,. The quality of SAMs can be evaluated by
Ream and Cgm. In general, the more densely packed the monolayers and the thicker
the monolayers, the higher the Rq,m values and the lower the Cgyy, values. It is
evident that the long hydrocarbon chain is favorable for the corrosion protection
of SAMs. In corrosion studies the n value of a CPE reflects the roughness of the
electrode surface.!! In the case of a perfectly smooth electrode, n would have a
value of +1. We noticed that n values of the Qg element describing the double—

layer of copper in NaCl, HCI and H,SO; solutions are 0.66, 0.49 and 0.80,

respectively. The deviation from a value of unit is ascribed to the surface
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roughness of the copper electrode caused by corrosion, whereas most n values of
the Qsam element are over 0.90. The high value of n results from the fact that the
electrode surface modified by alkanethiol SAMs was kept smooth due to reduced
COTrosion.

In view of the order arrangement of alkanethiol SAMs on gold, silver and
copper surfaces, the capacitive behavior can be described approximately by the
Helmholtz model of the double-layer although the model is rather simplified.
Taking the C6SH SAM on copper as an example, if the SAM acts as an ideal
capacitor, the capacitance per unit area is:

C=¢gg,/d 6)
where d is the thickness of the C6SH monolayers, g is the permittivity of
vacuum, a fundamental constant with the value 8.854x1071 CZJ'lm'l, and ¢ is the
relative permittivity. Based on the data reported by Lange’s Hand Book of
Chemistry,'*"! the length of a C-C bond is about 1.541x10° m and that of C-S
bond is 1.817x10™"° m. It is roughly estimated that the length of a C6SH molecule
is 0.7x10° m, which is treated approximately as the thickness of a C6SH
monolayer. The relative permittivity of ethylmercaptan (6.9) was used as the
reference value of C6SH. With these values, the capacitance of the C6SH SAMs
is calculated to be about 3.5x10 F m? ie. 3.5uF cm™ Within the errors of
experiment and theoretical treatment, this value can be considered to be in good

agreement with the values listed in Table 4-2, thereby confirming that the
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equivalent circuits for the SAMs-coated electrode are creditable and the analysis

and treatment for impedance data are reasonable.

4.4.2 EIS Evaluation on Formation Process of C12SH SAMs.

The C12SH monolayers were formed on copper by immersing the copper
electrodes in 1 mM C12SH solution in absolute ethanol for varying times. Figure
4-15 gives the Nyquist impedance spectra for the electrode covered by C12SH
monolayers in 0.2 M NaCl solution at the open-circuit potentials. When the
formation times of monolayers were short (0.5h, 1h), the corresponding
impedance spectra displayed the obvious Warburg impedance. This implies that
the C12SH monolayers are not sufficiently dense to completely block the
corrosion reactions at the whole copper substrate. But after 2 hours of immersion
in C12SH solution, the low-frequency impedance behavior greatly changed and
the impedance spectrum evolved into the one diagram composed of two
capacitive loops. The high-frequency capacitive loop arises from the transfer of
electrons in SAMs through the tunneling effect,!'® and the low-frequency loop is
ascribed to the relaxation of the double layer according to the equivalent circuit in
Figure 4-14B. In this case, the C12SH monolayers are improved in the compact
and orderly properties, but still have some defects through which the corrosion
reactions take place at the bare substrate. With further increasing self-assembling
time, the C12SH monolayers on copper become denser and more ordered and the
defective sites are healed and repaired by the long hydrocarbon chains.”) The

impedance spectrum after 4 h of immersion shows a near-regular semicircle with
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a larger diameter, which indicates the corrosion reaction is significantly inhibited.
The evolution of the high-frequency capacitive loop with the self-assembling time
reflects the improvement of SAMs in terms of ordered state and compact
structure. Using the equivalent circuit shown in Figure 4-14D to fit the high-
frequency capacitive loop, the variations of Yy and n of Qg with the immersion
time are plotted in Figure 4-16. It is found from Figure 4-16 that the longer the
immersion times, the smaller the Y, values and the higher the n values. Variation
of n with the immersion time, i.e., n approaching unity, indicates that the C12SH
monolayer tends to behave like a perfect capacitor. The dependence of Y, on the
self-assembling time can be interpreted in terms of Equation (7). Yo may be
treated simply as the capacitance here since the value of n is approaching 1.
C =C,(1-6)+CP @)

where C; is total capacitance of an electrode partially covered by SAMs, Cqan 18
that of the SAMs, Cq is the capacitance of the double-layer at bare sites on the
electrode surface, and 0 is the area fraction of the bare sites. In Equation (7), Csam
<< Cgq. Thus, the C; value will gradually decrease with increasing SAMs’

formation times because of decreasing 6 with the formation time.

4.4.3 The Destruction of C12SH SAMs in NaCl

Figure 4-17 shows a group of impedance spectra for the copper electrode
covered by C12SH monolayers in 0.2 M NaCl solution at the open-circuit
potentials. With increasing exposure time to NaCl solution, the high frequency

capacitive loop gradually decreased in size and the Warburg impedance appeared
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in the low frequency. This kind of changing trend, contrary to that shown in
Figure 4-15, reveals that the corrosion protection ability of the SAMs decreases
with the immersion time. Theoretically, the defect sites in SAMs are attacked by
the corrosive ions at first, followed by extension of defect sites, leading to the
local breakdown of SAMs. The capacitive loops were fitted by the equivalent
circuit in Figure 4-14D and then Yy and n of Qg were plotted as functions of the
immersion time (see Figure 4-18), following the method described above. Figure
4-18 shows that n decreases but Y, increases with the immersion time in the NaCl
solution. The decrease in the n values is related to the increase of surface
roughness of the electrode, and the increase of Y, values should be attributed to
the increase of 0 according to Equation (7).

4.4.4 Stability of Alkanethiol SAMs as a Function of Applied
Potential

The dependence of capacitance of SAMs on the applied potential is
measured, from which the development of defects in the SAMs can be detected.
The capacitance value measured at different potentials is the electrode capacitance
of the SAMs/solution interface, including the capacitance of SAMs and that of the
electric double-layer, whereas the electrode capacitance is dependent on both
frequency and the applied potential. Therefore, selecting an appropriate frequency
to deduce the contribution of the double-layer capacitance is the key in measuring

the capacitance-potential curves. After repeated attempts we have found that the
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top frequency of the high frequency capacitive loop is the optimum frequency to
carry out these experiments.

Figure 4-19 shows three curves of capacitance vs. the applied potentials for
the C12SH-SAMs-coated copper electrode. In the case of short self-assembling
time the capacitance value decreased at first and then increased with the potential
(curve A). The relatively high capacitance values reveal that they include a great
contribution from the double layer capacitance. As mentioned earlier, at short
immersion time, there exist some defects in the C12SH SAMs where the
corrosion reactions occur at the bare copper substrate; moreover, the applied
potential induced further development of the defects. The capacitance-potential
curve (B) for the electrode coated by SAMs assembled for 2 hours was similar to
curve A, but the value of capacitance decreased by one order of magnitude. With
further extending the self-assembling time, on the one hand the capacitance values
continued decreasing; on the other hand, the capacitance increased monotonously
with the increase of potential without a minimum capacitance (curve C). This
implies that the defects of SAMs have been repaired with the extended self-
assembling time. In this case, the SAMs remain stable at the cathodic polarization
potential. Small capacitance values at the cathodic polarization potentials
somewhat confirm the significant cathodic inhibition of SAMs. It is worth
noticing that the electrode capacitance rapidly increases with increasing potential,
which may be attributed to the defect extension in SAMs caused by the
electrochemical desorption of SAMs at anodic potentials. These results are in

agreement with cyclic voltammetric and polarization results.
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4.5 Measurements of Electrochemical Noise (El)

Pitting corrosion is one of the most destructive forms of corrosion among
varieties of corrosion. In the mid-1980’s Smialowska summed up five types of
pitting and characterized the features of each type. The most common and most
important type of pitting occurs on the passivated iron base alloys in contact with
halide-containing aggressive solutions, which involves breakdown of passive film
on iron and its alloys.

The gold or copper surface modified by n-alkanethiol SAMs has been
reported to suffer pitting corrosion,®” 281 but this kind of so-called pitting is
greatly different from the conventional pitting in initiation and propagation
mechanism. Its origin is related to the defects within the monolayer, where
corrosive ion can attack the bare substrate and initiate local dissolution. The
electrochemical Noise (EN) technique provides a good method to monitor in situ
the pit development occurring on the SAMs-covered metal surface.

Two identical copper rod specimens were inserted in an epoxy resin mould to
prepare the coupled electrodes. Electrochemical current noise is measured as the
galvanic coupling current between two nominally identical working electrodes,
with the current being measured using a zero resistance ammeter (ZRA) to ensure
the two electrodes are at the same potential.”? If the two electrodes are corroded
generally, the electrode reaction kinetics of the two electrodes should be
approximately identical, and no net current flow between the electrodes can be

detected. However, if the two electrodes suffer localized corrosion, especially
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pitting attack, there should be net coupling current between two electrodes due to
the difference in reaction kinetics of the electrodes. Here both current noise and
potential noise were measured simultaneously.

Figures 4-20 to 4-22 display a set of plots of potential noise and current noise
for a C18SH SAMs-covered copper electrode in 0.2 M HCI solution at the open-
circuit potential. During the first 2000 seconds, as shown by Figure 4-20, the
potential baseline gradually decreased with time increase, whereas the current
baseline increased with time; small potential and current fluctuations were
observed before 1700 seconds, but regular large potential and current noise
signals appeared after 1700 seconds. Moreover, there is one-to-one
correspondence between the potential noise signal and current noise signals. This
shows the pitting corrosion began to take place. Both potential and current signals
regularly change with time. Both potential and current baselines tended to stable
values; on the other hand, the longer the immersion time, the more frequently the
noise signals occurred (see Figures 4-21, 4-22), revealing the frequent occurrence
of the initiation, growth and reparation of pits.

It is observed that the potential noise exhibits a relatively rapid rise due to
the formation of metastable pitting, followed by a slow decay as the pit
repassivates, and the same is true of current noise. The pits might result from the
fact that the defective sites of SAMs are attacked by the corrosive ions, causing
the corrosion of copper substrate; and perfect sites have not been corroded since
they have a strong resistance to attack of corrosive ions. The repassivation of

SAMs in corrosive solution, unlike repassivation of passive films, should be
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attributed to reorientation of alkanethiols around the pits as proposed by
Zamborini and Crooks.*! Long hydrocarbon chains within SAMs can partially
heal the defects. It is of interest that both positive and negative current noise
signals were observed. The initiation, growth and death processes of pits occur
consecutively on the two SAMS-covered copper surfaces. The coupling current
between the two nominally identical working electrodes also therefore changes in
direction at different times, sometimes positive and sometimes negative.

For the coupled copper electrodes free of SAMs, no regular electrochemical
noise signals have been observed in the same solutions except small irregular
current or potential fluctuations. This fact indicates that the bare copper surface
suffers general corrosion rather than pitting. This is the first time we report the
pitting corrosion studies by means of EN techniques. Much experimental works

and theoretical interpretation is ongoing.
4.6 Scanning Kelvin Probe (SPK)

The Kelvin probe method is a powerful tool for the study of electric
propetties of surface as well as for determination of surface parameters. Lii et al.
performed a series of studies on the local contact potential of n-alkanethiol SAMs
on Au by Kelvin probe force microscopy.[3 % 311 Their results show that the surface
potential increases with increasing chain length of thiols, which is similar to
Evan’s observation. Furthermore, the authors have demonstrated that the Kelvin
probe technique can provide good resolution even under ambient pressure,

thereby greatly broadening the application range of the Kelvin probe.
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Anodic dissolution of metal involves the electron transfer at the
metal/solution interface. Therefore, for the copper electrodes covered by SAMs,
the degree of ease for an electron to escape from the Fermi level to the free
electron state which is characterized by the electron work functions (EWFs)
reflects the chemical stability and the protective ability of the SAMs. In this work,
a scanning Kelvin probe was used to determine the EWFs of the copper surface
for two samples, one C12SH SAMs-covered copper electrode and one PhCH2SH
SAMs-covered copper electrode. During these tests, an area of 40pmx40um was
scanned. Figure 4-23 presents EWFs of the surface of two electrode samples.
EWF of the C12SH SAMs-covered copper surface is lower than that of PhCH,SH
SAMs-covered copper surface. As EMFs are related to the electron transfer across
SAMs, the values of EMFs might reflect the protective properties of SAMs. On
the other hand, the smoother the potential surface, the more homogeneous the
SAMs and the fewer the defects of SAMs. It seems that the SAMs are not so
homogeneous as expected. C12SH SAMs appear to be more densely packed with
fewer defects, compared with PhCH,SH (benzothiol) SAMs. The possible reason
is that the rigid, bulk unit of the benzene ring in the SAMs cannot cover the
copper surface more effectively than the flexible alkyl chains of n-alkane have

done. The latter can form densely compact and ordered monolayers.

4.7 Summaries
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The self-assembled C18SH, C12SH and C6SH monolayers (SAMs) on
copper provide significant corrosion protection for underlying copper in different
aggressive medium, such as NaCl, HCl and H,SO, solutions. The protection
ability of SAMs strongly depends on the pretreatment of the copper surface. A
two-step pretreatment of copper, which including cathodic reduction in 1 M
HCIO4 solution and a following etching in 7 M HNO; solution before self-
assembly yields the highest quality of SAMs formed on copper in terms of
corrosion protection efficiencies. The SAMs greatly inhibit the cathodic current
of copper in 0.2 M NaCl solution, giving rise to a protection efficiency of over
99%. Particularly, the SAMs inhibit more strongly the cathodic reaction than the
anodic reaction. The length of hydrocarbon chains has great influence on
corrosion protection of the alkanethiol SAMs. The longer the carbon chains, the
better the corrosion protection efficiency of SAMs.

The cyclic voltammetric results, together with FTIR characterization, have
confirmed that the alkanethiol SAMs are able to retard the electro-oxidation of
copper from the Cu(0) to Cu(I) species; however, the SAMs can be stripped off
from the copper substrate at more positive potentials. The cyclic voltammograms
for the copper electrode covered by alkanethiol SAMs were similar to those of the
copper electrode for the second and subsequent cyclic voltammetric
measurements. The long hydrocarbon chains are advantageous to the anodic
inhibition of SAMs.

A general equivalent circuit for the SAMs-covered electrode was

proposed. The high frequency capacitive loop originates from the transfer of

68



electrons across the monolayers through the tunneling effect and the impedance
behavior in low frequency is related to the corrosion reaction at the bare
copper/solution interface. The value of capacitance of SAMs calculated by the
equivalent circuit was in good agreement with the theoretical value. The n and Yo
of the Qgm element in the equivalent circuit may be used to evaluate the quality of
SAMs and their defect development in corrosive solutions. The closer the n value
to 1, the smaller the Y, value and the higher the quality of SAMs.

For the SAMs-covered electrode, the plots of capacitance vs. the applied
potential offer a convenient method to determine the stability of SAMs under the
applied potentials.

EN results indicate that the copper electrode the coated with C18SH
SAMs has suffered pitting corrosion in HCI solutions. The electrochemical noise
signals might arise from the fact that the defective sites are attacked by corrosive
ions at first and the hydrocarbon chains can partially heal the defects by
reorientation of alkanethiols around the defects.

The Scanning Kelvin Probe provides a good tool to detect the defects
within SAMs. Compared with C12SH SAMs, PhCH,SH SAMs contained more
obvious defects since the latter molecules cannot arrange orderly like the former

molecules.
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Table 4-1.

The Corrosion Current Density for the Bare and SAMs-Covered
Electrodes and Protection Efficiency (PE) of Alkanethiol SAMs
in 0.2 M NaCl Solution

Electrodes foor | A c PE/ %
Bare 8.0x10° —
C18SH-SAMs 2.04x10°% 99.7
C12SH-SAMs 2.10x108 99.7
C6SH-SAMs 3.26x10?% 99.5
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Figures in Chapter 4
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Figure 4-1. Cyclic votammograms of bare copper in 0.2 M NaCl solution
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Figure 4-3. Cyclic voltammograms for C18SH-covered copper electrodes in 0.2 M NaCl solutions
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Figure 4-4. Cyclic voltammograms for C12SH-covered copper electrodes in 0.2 M NaCl solutions.
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Figure 4-9. Nyquist impedance spectra for the bare (A) and alkanethiol-SAMs-
covered (B) copper electrodes in 0.2 M NaCl solutions at theopen-circuit
potentials. Formation times of SAMs are 4h.

Symbols: measured data; solid line: fitted curve.
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Figure 4-10. Nyquist impedance spectra for the bare (A) and alkanethiol-SAMs-
covered (B) copper electrodes in 0.2 M HCI solutions at the open-
circuitpotentials. Self-assembling times of alkanethiol monolayers at copper are
4h.

Symbols: measured data; solid line: fitted curve.
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potentials. Alkanethiol monolayers were self-assembledfor 4h.

Symbols: measured data; solid line: fitted curve.
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Figure 4-13. The equivalent circuit of a defect-free SAM (A) and the Nyquist
impedance plot for the electrode coated by the defect-free SAMs (B).
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Figure 4-17. Variation of Nyquist impedance spectra with immersion time for the
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Figure 4-20. Electrochemical Noise for CI8SH SAMs-covered copper electrode
in 0.2 M HCI solution at the open-circuit potential (first 2000 seconds).

92



-1.80B-01 i
~2.00E-01
#2
@)
n
g
“2.20E-01
Z
=
o
=
B2.40E-01 4
=
[a W
-2.60E-01
2.00E+03 2.50E+03 3.00E+03 3.50E+03 4.00E+03
Time (s)
3.00E-06
(%\ 2.00E-06 +
o 1.00E-06 + 4 .
S~ L
::/\ 000E+ooE : Ly F:,LL;, . ghm | .l|.| |!L
s W‘l ] Lk (L ] |r'lrs'|:"‘ll
£
g -LOOE0S ¢ |
= i
g -2.00B-06 -
8 1
-3.00E-06 +
~4.00E-06 +
2.00E+03 2.50E+03 3.00E+03 3.50E+03 4.00E+03

Time (s)

Figure 4-21. Electrochemical Noise for C18SH SAMs-covered copper electrode
in 0.2 M HCI solution at the open-circuit potential (2000 — 4000 seconds)
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Fig 4-22. Electrochemical Noise for C18SH SAMs-covered copper electrode in
0.2 M HCI solution at the open-circuit potential (4000-6000 seconds)
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Figure 4-23. Electron work functions of copper modified by PhCH2SH (A) and
C12SH (B) SAMs
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK

5.1. Conclusions

The self-assembled C18SH, C12SH and C6SH monolayers (SAMs) on copper

provide a significant protection ability against corrosion of underlying copper in

different corrosive solutions such as NaCl, HCI and H,50;,.

L.

SAMs offers corrosion protection to copper in aqueous solution containing
chloride and the corrosion protection efficiency of the SAMS on copper
follows the sequence: C18SH>C12SH>C6SH.
Pretreatments before SAMs formation play a very important role on the
quality and protection ability of SAMs. The best pretreatment was found
to be cathodic reduction in 1 M HCIO; solution, followed by etching in 7
M HNO; solution before self-assembly; the formed SAMs provided quite
high corrosion protection efficiencies
SAMs will be stripped under applied potential.
SAMs molecules with rigid, bulk groups contain more obvious defects
than those with flexible alkyl chains.
The mechanism or roles of SAMs in inhibiting the corrosion of copper are:
1) SAMs retard the oxidation of copper from the Cu(0) to Cu(l) species.

2) SAMs greatly inhibit the cathodic current of copper.

3) Hydrocarbon chains can partially heal the defects by reorientation of

alkanethiols around the defects.

5.2. Future work
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The corrosion protection of alkyl thiol SAMs with different endgroups,
such as hydroxyl, carboxyl, and amine groups, on copper should be investigated
in electrolyte solutions in order to study the relationship of the corrosion

protection with surface hydrophilicity.

It is also worthwhile to increase the stability of self-assembled monolayers
by chemical modification and/or additional specific interchain interactions.
Introducing dipole-dipole and/or hydrogen bonding interactions within the
monolayers will result in the enhancement of ordering and packing in the
monolayer. Alkanethiol SAMs with functional groups are of significance for

chemical reaction and surface engineering.

For industry application, it is also important to investigate the self-

assembled monolayers on other metal substrates such as iron and carbon steel.
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