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SUMMARY

This thesis contributes a new insight into surface modification involving substrates
nanostructuration by self-assembly to deposit on them a conducting polymer through
plasma enhanced chemical vapor deposition. The use of conducting polymers has
gained growing interest in the development of chemical sensor arrays for gas analysis
in electronic engineering applications. The size reduction in these devices has
encouraged the proposal of an alternative method to achieve structures at nanometer
range, as well as overcoming problems like lack of adhesion between substrate and

polymer, lower limits of detection or shorten response times.

The investigation has dealt with the use of pyrrole terminated monolayers to enhance
the nucleation and growth of polypyrrole plasma polymerized films. In addition,
monolayers provide an improvement in the interfacial adhesion of the polymer/metal
structure. Furthermore, polymeric thin films have been doped to obtain the conducting
form of polypyrrole, of which electric properties enable to use it as a chemical sensor.
Exposure to vapors leads to changes in polymer conductivity, by which analytes can be

identified and quantified.

Self-assembly and polymer deposition are key factors in this research, as a
consequence surface characterization techniques, such as XPS, TOF-SIMS, FT-IR or
SEM, have been employed to study their physical and chemical characteristics.
Especially interesting have been the use of AFM to investigate the nucleation process
and the film topography. Moreover, the four-point probe technique has provided an
excellent tool to perform conductivity measurements on thin films. Besides, plasma
polymerized films have shown a high sensitivity to carbon dioxide in order to

demonstrate their aptitudes to be utilized as a chemical sensor.






RESUMEN

La presente tesis contribuye a dar una nueva vision dentro del area de modificacion de
superficies, la cual implica la nanoestructuracién de sustratos utilizando la técnica de
auto-ensamblado para depositar sobre éstos un polimero conductor mediante
deposicion quimica en fase vapor por plasma. El uso de polimeros conductores ha
despertado un creciente interés en el desarrollo de sensores quimicos para el analisis
de gases en aplicaciones de ingenieria electrénica. La continua reduccion de tamafio
en estos dispositivos ha alentado la propuesta de un método alternativo para
conseguir estructuras de rango nanométrico, asi como para solucionar problemas tales
como la falta de adherencia entre sustrato y polimero, disminuir los limites de

deteccién o acortar los tiempos de respuesta.

En esta investigacion se ha trabajado con monocapas con un grupo pirrol terminal
para potenciar la nucleacion y crecimiento de peliculas de polipirrol polimerizadas
mediante plasma. Ademas, las monocapas han aportado mejoras en la adhesion
interfacial de la estructura polimero/metal. Asimismo, se han dopado las peliculas
delgadas de polipirrol para obtener su forma conductora, cuyas propiedades eléctricas
permiten utilizarlo como sensor quimico. Su exposicion a un vapor conlleva cambios
en la conductividad del polimero, a través de los cuales se puede identificar y
cuantificar dicho analito.

El auto-ensamblaje y la deposicion del polimero son los factores claves en esta
investigacion. Por lo tanto, se han utilizado diversas técnicas de caracterizacion de
superficies, como XPS, TOF-SIMS, FT-IR o SEM, para estudiar sus propiedades
fisicas y quimicas. Igualmente, el uso del AFM ha sido de gran valor para investigar el
proceso de nucleacion y la topografia de las peliculas. Ademas, la técnica de las
cuatro puntas ha proporcionado una excelente herramienta para realizar medidas de
conductividad en peliculas delgadas. Finalmente, las peliculas polimerizadas por
plasma han mostrado una gran sensibilidad al diéxido de carbono, con lo cual han

demostrado su capacidad para ser utilizados como sensores quimicos.






RESUM

La present tesis contribueix a donar una nova visié dins de I'area de modificacié de
superficies, la qual implica la nanoestructuraci6 de substrats fent servir la técnica
d’auto-assemblatge per a dipositar sobre aquests un polimer conductor mitjangant
deposicio quimica en fase vapor per plasma. L’Us de polimers conductors ha despertat
un creixent interés en el desenvolupament de sensors quimics per a I'analisi de gasos
en aplicacions d’enginyeria electronica. La continua reduccié de mida en aquests
dispositius ha encoratjat la proposta d’un metode alternatiu per aconseguir estructures
de rang nanometric, aixi com per solucionar problemes com la falta d’adheréncia entre

substrat i polimer, disminuir els limits de deteccié o escurcar els temps de resposta.

En aquesta investigacié s’ha treballat amb monocapes amb un grup pirrol terminal per
tal de potenciar la nucleaci6 i creixement de pel-licules de polipirrol polimeritzades
mitjancant plasma. A més, les monocapes han aportat millores en I'adhesié interfacial
de l'estructura polimer/metall. Aixi mateix, s’han dopat les pel-licules primes de
polipirrol per tal d'obtenir la seva forma conductora, les propietats eléctriques de les
quals permeten utilitzar-ho com a sensor quimic. La seva exposici6 a un vapor
comporta canvis en la conductivitat del polimer, a través dels quals es pot identificar i

quantificar 'esmentat analit.

L'auto-assemblatge i la deposicié del polimer son els factors claus en aquesta
investigacio. Per tant, s’han utilitzat diverses tecniques de caracteritzacio de
superficies com XPS, TOF-SIMS, FT-IR o SEM, per estudiar les seves propietats
fisiques i quimiques. Igualment, I'is de 'AFM ha estat de gran ajut per investigar el
procés de nucleacio i la topografia de les pellicules. A més, la técnica de les quatre
puntes ha proporcionat una excel-lent eina per realitzar mesures de conductivitat a les
pel-licules primes. Finalment, les pel-licules polimeritzades per plasma han mostrat
una gran sensibilitat al dioxid de carboni, demostrant la seva capacitat per ser

utilitzades com a sensors quimics.
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CHAPTER 1

INTRODUCTION






1. INTRODUCTION

1.1 MOTIVATION

The multiple functions and potential applications of nanotechnology have turned it into
a necessary and powerful tool in the day-to-day scientific work. Nanotechnology is
highly interdisciplinary, involving physics, chemistry, biology, materials science and the
full range of engineering disciplines. Its versatility has meant a growing use in a wide
range of fields. For instance, electronic engineering has shown an increasing interest in
the design of micro/nanoelectronic devices due to their continuously miniaturization.
Several efforts have been focus on the fabrication of new electronic circuits and their
interconnections.>™® Additionally, advances in nanoscale particle design provide new
options for drug delivery and drug therapies.'**® Even on chemical catalysis,
nanotechnology plays already an important role in the synthesis of novel materials with
tailored features and chemical properties.!’?* These are only a few examples of

possible applications in which nanotechnology is involved.
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Figure 1. Schematic representation of the reducing size from macroscale to nanoscale.

Besides, to achieve these minute structures there are different kinds of nanofabrication
methods which can be divided roughly into two groups: top-down and bottom-up

methods. Top-down are based mainly on lithographic patterning techniques using



short-wavelength optical sources. The principle is using specific tools for reducing the
substrate into the desired size and shape. Usually, a photoresist (photosensitive
coating of an organic polymer) is deposited on the surface of a silicon wafer or a film.
Then, a beam of light (UV-light or X-rays) passes through a mask and a lens. The parts
exposed to the light can be removed easily leaving the desired pattern. This is the
typical nanofabrication method employed in the semiconductor industry. According to
Moore’s law, the number of transistors places on an integrated circuit doubles every
two years. In this sense, further progress in scaling down dimensions is limited by
lithography itself. As long as the number of transistors increases, the cost of production
to reduce its size increases as well. In addition, other factors, like leakage current or
heat dissipation, indicate that it should be convenient to find other ways to create these

nanostructures.

In addition, there are the bottom-up methods. In such methods, atoms and molecules
organize themselves to create tiny nanostructures. This approach allows controlling
shape, size and composition of the nanostructures. Furthermore, it is a very cheap
process as it involves only chemical reactions for the synthesis of these materials and it

offers the opportunity of using organic components.

Molecular self-assembly is an important aspect of the bottom-up approach to
nanotechnology as it uses chemical or physical forces to assemble small units into
larger structures. Actually, self-assembly is a common mechanism in nature, where
peptides fold to form proteins and enzymes, single-stranded DNA finds its complement
and form a double-stranded helix, or phospholipids align themselves in order to form
cell walls. These processes are facilitated by specific molecular interactions and the
drive to minimize the energy of interaction between molecules. Therefore, humans try
to mimic these nature architectures whose natural structures have been taken as a

model.

One of these methods is the formation of self-assembled monolayers (SAMs), a single
layer of ordered molecules adsorbed spontaneously on a substrate due to the bond
between the surface and molecular head groups. SAMs offer a unique combination of
physical properties that allow fundamental studies of interfacial chemistry, solvent-
molecule interactions and self-organization. Their well-ordered arrays and ease of
functionalization make them ideal model systems in many fields. A general system for
n-alkyl monolayers can be seen in Figure 2. It consists of an anchoring group bound to

a substrate. Depending on the surface, a specific group will be required for that



purpose. Some of the most common examples are based on the interactions between

2225 or silanes and a silicon wafer.?*?® The

thiols or disulfides and a gold substrate
central part of the monolayer is the spacer chain, formed by methylenes which rule the
monolayer ordering. Due to Van der Waals interactions between side chains, the
monolayer packs tightly and thereby reduces its free energy. Finally, the spacer chain
leaves the head group top on the surface. This group rules the chemistry on the
surface; this means that it is possible to tailor the interfacial properties of metals, metal

oxides and semiconductors by selecting the appropriate functionality.

n-alkyl Self Assembled Systems

t bt 1
O headgroupchemistryo O O

Y
A 4

generally
> 8 carbons van der Waals
interaction between
side chains
+ silane-OH
+ thiol-gold
* phosphate-TiO, l l J' l

Figure 2. Scheme of a n-alkyl self assembled system according to Ratner et al.

Multiple possible applications are available working with the chemistry of the head
group. Numerous investigations have been made to tune the wettability of the substrate
by the substitution of the terminal group by a hydrophilic or hydrophobic head group.?*
32 Furthermore, SAMs have been used efficiently as corrosion inhibitor.>**” Due to the
strong bound of the anchoring group to the metal and the compact packing, a
homogeneous hydrophobic thin film is formed which serves as a barrier for water,
oxygen or electron migration to the metal surface.

Additionally, Simon et al*®

in 1981 demonstrated the enhancing effect of monolayers on
a polymer deposition process. They proved that N-(3-(trimethoxysilyl)-propyl)pyrrole

SAMs, anchored to n-type Si semiconductors via reaction of surface hydroxyl groups,



served as covalently anchoring sites for electrochemically polypyrrole (PPy) deposition.
This investigation opened a new insight in the deposition of conducting polymers on
SAM-modified substrates. Rubinstein et al*® found later that the assembling of a p-
aminothiophenol monolayer on a gold substrate resulted in a substantial increase in
film density for electrochemically grown polyaniline films. They attributed this effect to a
more efficient nucleation-growth process due to the terminal functional group of the
monolayer. Related to this, Willicut and McCarley*® described in detail the chemistry
associated with the assembly of w-(N-pyrrolyl)alkanethiol monolayers on gold and their
effects on the nucleation and growth of polypyrrole films. Similar work was carried out
by Wu* in which the effect of SAMs structure on charge transport properties was

analyzed.

Deposition of conducting polymers is a very interesting topic to work in due to their
potential applications. Especially, organic thin films have attracted lot of attention for

building electronic devices.***

Mechanical flexibility, low cost or simplified
manufacturing are some of the properties which make them promising candidates for
micro/nanoelectronic applications.”*® Nevertheless, the lack of adhesion between
polymer and substrate is one of the problems to deal with. The physics and chemistry
of the metal/polymer interface are critical for the overall properties of the device. In this
sense, SAMs can act as an adhesion promoter between the two layers to prevent
delamination. To overcome the adhesion problem, several studies have been
performed based on the affinity of some organic SAMs to the studied surface.
Phosphonic acid monolayer has been assembled on engineering metals, such as steel,
aluminium, copper and brass, to improve the adhesion with fluoropolymers and
ethylene-co-methacrylic acid.*’ Additionally, previous work has revealed that it is
possible to assemble conductive films of gold on flexible polymer substrates using
silanes with amino- or mercapto-terminal groups.*® Even on biological assays, it has
been shown that functionalized alkanethiols can promote the growth of neurites in

electrodes for neural prostheses.*

Related to the use of polymers for electronic applications, the development of a
chemical gas sensor has received considerable attention in the last decades. In
concrete, the fabrication of a chemical sensor array which could be integrated in what
is known as an electronic nose. An electronic nose is a device that identifies and
guantifies an odour or a combination of different compounds. Electronic noses are
another example of biomimetics, human-made devices which imitates nature. An odor

is composed of molecules, each of which has a specific size and shape. Each of these



molecules has a correspondingly sized and shaped receptor in the human nose. When
a specific receptor receives a molecule, it sends a signal to the brain and the brain
identifies the smell associated with that particular molecule. Electronic noses based on
the biological model work in a similar manner, albeit substituting sensors for the
receptors, and transmitting the signal to a program for processing, rather than to the

brain.

When analyzing a sample, the gas is introduced into the device in order to interact with
the sensor. This interaction leads to a response signal caused by conductivity variation
of the sensor. Then, a pattern recognition algorithm is used on the output signal to
classify the odor. It should be noted that odor recognition needs a previous training.
Known samples are used as patterns to obtain a response from the chemical sensor
array. Each odor has a specific response which is like a fingerprint. Then, patterns are

used to create a database which will be used to classify and identify unknown samples.

The electronic device is based on the electrical properties of the sensor. The more
commonly used sensors include metal oxide semiconductors (MOS), conducting
polymers (CP), quartz crystal microbalance (QCM), surface acoustic wave (SAW) and
field effect transistors (MOSFET). The chemical diversity, the sensitivity and the short
response time of conducting polymers compare highly favourably to the others
sensors. Related to this, the possibility to modify and functionalized the polymer allows

tuning the reactivity in front a specific analyte to increase sensitivity.

Among all the possible CP candidates, PPy seems to be an excellent option to work
with, because of its mechanical and electric properties.*® Actually, PPy films have been
extensively employed as chemical sensors in a wide range of applications. One of the
first attempts to use PPy thin films as the sensor element was carried out by Freund
and Lewis.®® They worked with chemically synthesized PPy films which were
plasticized during deposition to provide a systematic control over the chemical binding
properties of each sensor. Furthermore, Fang et al®* described the design and
fabrication of micro-gas-sensors using electrochemically and chemically oxidised PPy
to study ethanol vapour concentration. Additionally, PPy chemiresistors are being

employed as humidity sensors due to their high sensitivity to moisture.*

As it has been commented before, a typical problem for these sensors is the lack of
adhesion between the polymer and the electrode surface, usually a metal. Self-

assembly seems to be a very elegant and easy option to solve this problem. Moreover,



a pyrrole-terminated monolayer not only can act as an adhesion promoter but can help
the growth of PPy as well. Thereby, the use of SAMs can enhance the deposition of the
polymer on the electrode and can prolong its lifetime.

On the other hand, conventional techniques, like chemical oxidation and
electrochemistry, have been employed for PPy deposition as usual methods. Since
synthesis conditions and physical and chemical properties of these polymerizations
have been numerously described, they have become a usual way to obtain polymers.
In particular, electrochemistry methods have gained more attention as they enable a
higher control in their properties. Even like this, an alternative to these synthetic

methods is plasma polymerization.

Plasma polymerization refers to the formation of polymeric materials under the
influence of plasma (partially ionized gas). In contrast with conventional techniques,
plasma polymerization is a solventless techniqgue which enables the formation of
uniform and pinhole free ultra thin films with an absolute control in the deposition rate.
In general, plasma polymerization consists of the introduction of the monomer into a
reaction chamber in which through plasma activation the monomer reacts to yield the
polymer. Because there is no need of aqueous or organic solvents, all the possible
contaminations associated in these processes are avoided. Moreover, given that the
monomer flow and the experimental conditions, such as power or pressure, can be
controlled during the experiment, the growth of nanometer-size films can be achieved.
Plasma deposit coatings generally have a complete surface coverage and essentially
are made free of voids. Certainly, plasma polymerization is a kind of polymerization
itself, what that means is that the product obtained is not the same as in conventional
techniques. The differences in polymer formation mechanism and the properties of
resultant polymers material process lead to think plasma polymerization as a new

method of polymerization.

In general, plasma polymerization seems to be an excellent choice to deposit PPy thin
films to be used as chemical sensors due to their electrical properties. As far as SAMs
are concerned, no precedent studies have investigated the effect of the monolayer on
the nucleation-growth process by plasma-enhanced chemical vapour deposition
(PECVD) to our knowledge. The enhancing effect of SAMs on the polymer deposition
was demonstrated using a solvent as media with conventional techniques, but no

investigations have been reported concerning the deposition from vapour phase.



Because all the exposed, the aim of this thesis is the development of a chemical
sensor which is based on plasma polymerized PPy thin films deposited on SAM-

modified surfaces. To achieve it, the objectives of the present work are depicted next:

e Formation and characterization of different SAMs with a pyrrole-terminated
group on specific surfaces.

e Study of the SAM effect on the nucleation-growth mechanism of polypyrrole on
the different substrates by plasma enhanced chemical vapor deposition.

e Synthesis of polypyrrole-like films by plasma polymerization and evaluation of
their characteristic features using diverse experimental conditions.

e Doping of the plasma polymerized films to obtain the conductive form of
polypyrrole and conductivity measurement of these films.

e Study of different gases by measuring the conductivity change owed to the
interaction polymer-analyte in order to perform a qualitative and quantitative

analysis.



1.2 THESIS FRAMEWORK

The structure of this thesis has been divided into three chapters according to the

different areas of knowledge that it deals with.

The second chapter focuses on the formation of SAMs: the synthesis of target
molecules and the processes to perform the self-assembly. The molecules synthesized
have always a pyrrole-terminated group but different anchoring groups in order to be
assembled on different kind of surfaces. The monolayers have been intensively
characterized to determine their quality. The idea in this chapter is the surface

nanomodification in order to functionalize the substrate.

In the third chapter, the plasma polymerization process is discussed. Firstly, the SAM
effect on the nucleation-growth mechanism has been studied by comparing the PPy
deposition on SAM-modified and unmodified substrates. Secondly, the formation of
plasma PPy thin films has been analyzed. Finally, the doping process has been carried
out and the iodine introduction into the polymer backbone investigated. The purpose of
this chapter is synthesizing conducting polymers with proper physical and chemical
properties by plasma polymerization.

The fourth chapter provides information about the electrical properties of plasma
polymerized PPy thin films. To carry out this aim, it has been necessary to develop a
new kind of electrodes and a gas chamber to measure the conductivity. The purpose in
this chapter has been to demonstrate the use of these plasma polymerized PPy thin

films as chemical sensors for gas analysis.
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CHAPTER 2

SELF-ASSEMBLED MONOLAYERS






2. SELF-ASSEMBLED MONOLAYERS

2.1 SELF-ASSEMBLY OF THIOLS ON GOLD SURFACES

2.1.1 INTRODUCTION

Self-assembled monolayers (SAMs) are the most elementary form of a nanometer-
scale organic thin film material. Nuzzo and Allara are considered the pioneers of SAMs
research since in 1983 they published the work “Adsorption of Bifunctional Organic
Disulfides on Gold Surfaces”.! They reported a new technique to form well-ordered
monolayers in contrast to the well-known Langmuir-Blodgett deposition. This new
technique involved spontaneous organization of organic disulfides absorbed on freshly
evaporated gold substrates. Since then, the preparation, formation, structure and

applications of SAMs have gained much attention in the surface engineering field.

The most extensively studied system is derived from the adsorption of alkanethiols on
gold surfaces. Thus, a considerably amount of literature is available on this issue.
Especially interesting can be the book published by A. Ulman? or the most recent

reviews published by Schreiber® or Love* for a general overview.

There are several reasons why the alkanethiol-gold system has been historically the
most employed. Most of them stem from gold surface characteristics. Thin films of gold
are quite simple to obtain either by physical vapour deposition, sputtering or
electrodeposition. Gold is an inert metal. It does not oxidise at temperatures below its
melting point and neither atmospheric oxygen nor most chemicals react with it. This
enables to handle and manipulate samples under atmospheric conditions instead of
ultra-high vacuum or clean room environment. Moreover, thin films of gold are
compatible with a great number of existing spectroscopies and analytical techniques,
such as, Surface Plasmon Resonance (SPR), QCM and Infrared Reflection Absorption
Spectroscopy (IRRAS). In addition, gold has been proved to be compatible with living
cells, in fact, cells can adhere and function on gold surfaces without evidences of

toxicity.>°

Besides, alkanethiols also favour the self-assembly process. Chemisorption of

alkanethiols on gold yields monolayers by forming Au (I) thiolate (RS") species. The
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reaction may be considered as an oxidative addition of the S-H bond to the gold
surface, followed by a reductive elimination of hydrogen (Equation 1). The monolayer
formation is enhanced by the thiol-gold bond strength, which was calculated to be ~40
kcal/mol.” Van der Waals interactions among adjacent chains also contribute to

stabilise the monolayer by 1.5 kcal/mol per methylene.
R—SH +Au? >R-S™ - Au"-Aul, + ¥ H, )

Related to the monolayer structure, thiol head groups are attached to the threefold
hollow site forming a (\/§x\/§)R30° configuration on the hexagonal close-packed Au

{111} surface. However, a combined He atom and X-ray diffraction study revealed a
c(4x2) superlattice, by which in an unit cell, two molecules display slightly different
orientations when compared with the other two.? It has a sulphur spacing of 4.97 A,
resulting in an available area for each molecule of 21.4 A% Since the Van der Waals
diameter of the alkane chain is somewhat small (4.6 A) for the chain to completely
occupy that area, the chains will tilt forming an angle of approximately 30° with the
surface normal. Moreover, chains are disposed predominantly in trans conformation to

achieve an optimal packing and maximize Van der Waals interactions.

Figure 1. The small circles represent the gold atoms and the big ones the alkanethiol
molecules. A) Scheme of the (V3 x V3) structure of alkanethiols on gold. B) Scheme of the
c(4 x 2) superlattice in which 1 and 2 molecules are equivalent but different to 3 and 4
(Barrena, 2001).

18



In this first part, we decided to work with this archetype thiol-gold system. The
behaviour of this monolayer has been widely described and the thiolate bond has been
shown to form high quality monolayers, as commented above. Because of this, this
system was chosen to perform the first experiments on surface modification and

polymerization.

2.1.2 EXPERIMENTAL PART

2.1.2.1 Chemicals

1,3-Dibromopropane (99%) was purchased from Fluka; 1,6-dibromohexane (96%),
1,12-dibromododecane and thiourea (99%) were obtained from Aldrich and were used
without further purification. Pyrrole (98%) was purchased from Aldrich and was purified
by distillation. KOH (85%), absolute ethanol, HCI (37%), H,SO, (96%), H,O, (30%)
and CH,Cl, (99.5%) were purchased from Panreac; THF (99.9%) and diethyl ether
(99.7%) from Aldrich; ethyl acetate (99%) and petroleum ether from Carlo Erba and

MgSO, from Quimivita, all of them were used as received.

2.1.2.2 Synthesis of o-(N-pyrrolyl)alkanethiol

Different homologues of w-(N-pyrrolyl)alkanethiol (n = 3, 6, 12) have been synthesized

to be used as SAM’s promoters (Scheme 1). Their synthesis based on previous

9-11

investigations™ " is described next.

/\W S
Br n CBr J\

n=1,40r10

+ —»Br/\M/\O—>HS/\M/\Q

EtOH 16h 85°C

In a 100 ml round-bottom flask, 20 mmol dibromoalkane, 20 mmol of KOH powder and
50 mmol of dibromoalkane were added in 50 ml of dry tetrahydrofurane (THF). The
reaction mixture was stirred overnight in a nitrogen atmospher. Deionized water (50 ml)

was added and the product was extracted with diethyl ether (4x25 ml). The organic
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phase was dried with anhydrous MgSO,, filtered and evaporated under reduced
pressure to obtain N-bromoalkylpyrrole.

Afterwards, in a 50 ml round-bottom flask, 2 mmol of N-bromoalkylpyrrole and 11 mmol
of thiourea were added to 50 ml of ethanol. This mixture was heated under reflux at 85
°C for 16 h. Ethanol was removed by distillation under reduced pressure. Next, 50 ml of
0.3 M KOH aqueous solution was added, and the mixture was heated under reflux at
90 °C for 3 h. Finally, the reaction mixture was quenched with a 100 ml 0.1 M HCI
solution. The product was extracted with CH,Cl, (4x25 ml). Solvent was removed by
distillation under reduced pressure. The product was purified by flash chromatography
on silica gel (240-400 mesh) using petroleum ether/ethyl acetate (50:1) as eluent to
give o-(N-pyrrolyl)alkanethiol, as a transparent liquid.

3-(N-pyrrolyl)propanethiol (Py3SH), 38% yield.

'H-NMR (CDCls, 200 MHz): & 1.34 (t, 1H, SH), 2.07 (m, 2H, C2), 2.47 (m, 2H, C1),
4.03 (t, 2H, C3), 6.15 (t, 2H, ArH), 6.65 (t, 2H, ArH).

FT-IR (CHCl3, v/em™): 3092 (arom C-H), 2927 (vas CHy), 2856 (vs CH>), 2550 (SH),
1546-1460 (pyrrole ring), 1359 (C-N).

3 1
@N/\/\SH
— 2

6-(N-pyrrolyl)hexanethiol (Py6SH), 37% vyield.
'H-NMR (CDCl3, 200 MHz): & 1.31 (m, 5H, C3-4, SH), 1.58 (m, 2H, C2), 1.74 (m, 2H,
C5), 2.50 (m, 2H, C1), 3.85 (t, 2H, C6), 6.12 (t, 2H, ArH), 6.64 (t, 2H, ArH); ).
FT-IR (CHCls, vicm™): 3098 (arom C-H), 2930 (vas CH,), 2856 (vs CH>), 2552 (SH),
1540-1460 (pyrrole ring), 1370 (C-N).
6 4 2
@N/\/\/\/SH
— 5 3 1

12-(N-pyrrolyl)dodecanethiol (Py12SH), 41% yield.

'H-NMR (CDClg, 200 MHz): § 1.27 (m, 17H, C3-10, SH), 1.62 (m, 2H, C2), 1.76 (m,
2H, C11), 2.55 (q, 2H, C1), 3.86 (t, 2H, C12), 6.13 (t, 2H, ArH), 6.64 (t, 2H, ArH).

FT-IR (CHCl3, v/cm™): 3100 (arom C-H), 2925 (vas CH,), 2853 (vs CH,), 2553 (SH),
1540-1464 (pyrrole ring), 1370 (C-N).
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2.1.2.3 Substrate preparation

The surfaces in which the self assembly was carried out consist of a silicon wafer
substrate, a thin chromium layer and a gold layer. The chromium layer is used to
promote adhesion of the gold film to the underlying substrate. Chromium (2.5 nm) and
gold (85.50 nm) were thermally evaporated onto the silicon wafer substrates (surface
RMS roughness 6.4 nm). The deposition was carried out at a pressure less than 3x10”
Torr. Freshly gold substrates were cleaned in a piranha solution (70% H,SO, and 30%
H,0, (30% H,0, in H,0)) for 30 min. Finally the substrate was rinsed thoroughly with

deionised water and absolute ethanol immediately prior monolayer formation.

2.1.2.4 The self-assembly

Assembly of the monolayer was obtained by dipping the gold substrate into a 1 mM
solution of w-(N-pyrrolyl)alkanethiol. After 24 hours the substrate was removed,
sonicated for 10 minutes in ethanol and rinsed extensively with ethanol absolute, in
order to remove the possible physisorption of the monomer on the top of the
monolayer. Finally, the gold substrate was blown dry with nitrogen. Samples were

stored under argon atmosphere until further characterization or polymerization.

2.1.2.5 Equipment and methods

NMR spectra were recorded on a Varian Gemini 300 HC apparatus.

FT-IR spectra were collected on a Nicolet Magna 560 FTIR spectrophotometer.

XPS was carried out in a PHI 5500 Multitechnique System (Physical Electronics) with a
monochromatic X-ray source (Aluminium Kalfa line of 1486.6 eV energy and 350 W),
placed perpendicular to the analyzer axis and calibrated using the 3 ds, line of Ag. The
analyzed area was a circle of 0.8 mm diameter. The XPS spectra were analyzed by the
Multipack Version 5.0A software. All spectra were referenced to the Au (4 f7;,) peak at

84 eV. The peaks were analysed using mixed Gaussian-Lorentzian curves (80% of

21



Gaussian character). The sulphur doublets were fitted using an intensity ratio and
energy separation of 2:1 and 1.18 eV, respectively.

The electrochemical measurements were made in a Gamry PC3-300 potentiometer
and graphs were analyzed by the CMS 100 software. The experiments were performed
in a three-electrode cell, using the gold surface or the SAM-modified gold as the
working electrode, a saturated KCI Ag/AgCl reference electrode and a platinum
electrode as the counter electrode. The voltammograms were measured in a 0.1 M KCI
solution, with a scan range from -1 to +1.8 V and at a scan rate of 100 mV/s. For the
polymerization curves the solution used was 0.1 M KCI containing 0.02 M pyrrole
monomer.

The TOF-SIMS analysis was performed using a TOF-SIMS IV mass spectrometer
(ION-TOF, Munster, Germany) operated at a pressure of 5 x 10-9 mbar, 18 ns pulses
of 25 keV Bi3+ (primary ions) were bunched, with an incidence angle of 45°, to form ion
packets with a nominal temporal extent of <0.9 ns at a repetition rate of 10 kHz, which
produced a target current of 0.2 pA. These primary ion conditions were used to scan a

125x125 um area of the sample for 30 s.

2.1.3 SAM CHARACTERIZATION

Monolayer formation was studied using different technigques. X-Ray Photoelectron
Spectroscopy (XPS) was used to determine the binding energy between the thiol group
and the gold substrate and the quantitative atomic composition on the surface. The
Cyclic Voltammetry (CV) was performed to evaluate the quality of monolayer
protection. Time of Flight Secondary lon Mass Spectrometry (TOF-SIMS) provided a

more detailed characterization of the chemical composition on the surface.

2.1.3.1 XPS

The XPS analysis was performed in the three monolayers formed to study their
chemical state. It should be noted that PY6SH SAM was left 10 weeks in air before the

analysis in order to evaluate its stability.
The survey XPS spectra of Py3SH, Py6SH and Py12SH SAMs on gold (Figure 2,
Figure 3 and Figure 4) show typical features for these samples. The characteristic peak

for gold (Au 4f) is observed at 84 eV, the sulphur atom (S 2p) is found at 163 eV, the
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carbon (C 1s) signal at 285 eV, the nitrogen (N 1s) at 400 eV and the oxygen (O 1s) at

431 eV.
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Figure 2. XPS spectrum of Py3SH monolayer on gold
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Figure 3. XPS spectrum of Py6SH monolayer on gold
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Figure 4. XPS spectrum of Py6SH monolayer on gold

The surface composition of the three o-(N-pyrrolyl)alkanethiol monolayers is presented
in Table 1. The most striking result is the high concentration of oxygen found on the
surface, especially in Py6SH SAMs. This can be due to atmospheric contaminants or
oxidized species. Because of that, it makes the correlation study among atoms more
difficult. Table 2 shows the C/N, C/S, O/C and N/S ratios of the different surfaces. The
experimental C/S ratios are 16.7, 20.0 and 18.0 for Py3SH, Py6SH and Py12SH SAMs,
however the theoretical value should be 7, 10 and 16 respectively. In all samples, the
measured value is higher than expected estimations, especially for Py3SH and Py6SH.
These results suggest that there is an additional source of carbon apart from the
monolayer samples which is thought to be contaminants. Additionally, the N/S
theoretical ratio for all the monolayers is 1, whereas the experimental ratio is slightly
higher for all of them. In general, composition and ratio of the Py12SH monolayer are
quite close to the expected values, which confirms the self-assembly. By contrast,
there are some differences for Py3SH and Py12SH SAMs, which could be explained by
surface oxidation or contamination. Therefore, in order to determine the causes of

these differences the deconvolution analysis is presented next.

Table 1. XPS surface composition of the different substrates.

Py3SH Py6SH Py12SH
C (1s) 63.4 60.6 62.9
N (1s) 45 9.3 7.3
O (1s) 12.7 25.2 16.8
S (2p) 3.8 3.0 3.5
Au (4f) 15.6 1.9 9.5
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Table 2. XPS ratios of C/N, C/S, O/C and N/S.

Py3SH Py6SH Py12SH
CIN 14.2 6.5 8.6
C/S 16.7 20.0 18.0
oIC 0.2 0.4 0.3
N/S 1.2 3.1 2.1

XPS deconvolution analysis

The chemical bond between gold and thiol has been intensely studied by XPS and
many studies have been published during the last years about this issue.'**® Thiolate
bond formation has been reported to be observed at 162 eV. The XPS spectrum in this
region shows the presence of S2p;, and S2p,, peaks at 162 and 163.2 eV
respectively, due to the spin-orbital splitting effect. The spectrum is fitted using a 2:1
peak area ratio with a splitting of 1.18 eV. Moreover, an additional peak is observed at
163.7 eV. This binding energy can be assigned to unbound thiols or to the resulting
disulfide,*** and it has been fit as a doublet as well. In addition, another peak at 168
eV has been observed in all the samples. This signal is assigned to sulfonate species.
The appearance of this chemical group can be explained due to oxidation of
organothiol SAMs in contact to air to yield sulfonates.”* After long exposure to air, the
thiol signal decreases, while the sulfonate one increases. In order to study the different
chemical states of the sulphur, a deconvolution analysis on the S 2p peak has been
performed. The high resolution S 2p spectra of Py3SH, Py6SH and Pyl12SH

monolayers are shown in Figure 5, Figure 6 and Figure 7.

25



26

Intensity (A.U.)

155 160 165 170 175 180
Energy Binding (eV)

Figure 5. S 2p high resolution XPS spectrum of Py3SH
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Figure 6. S 2p high resolution XPS spectrum of Py6SH
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Figure 7. S 2p high resolution XPS spectrum of Py12SH

The deconvolution analysis shows that only a low percentage of thiol molecules are
bound to the gold substrate (Table 3). In Py3SH and Pyl12SH SAMs, the highest
intensity peak belongs to the unbound thiol or disulfide. The thiol and the disulfide
chemical group present a very close binding energy, which make them
undistinguishable even by high resolution XPS. The disulfide molecule can be found in
thiol solutions due to oxidation of the —SH group by exposure to atmospheric oxygen.
Furthermore, results suggest a considerable amount of sulfonate species in both
samples. The presence of the sulfonate groups can explain the lower thiolate
percentage. As long as thiol molecules are oxidized to yield the sulfonate, the thiolate
peak decreases its intensity. Additionally, Castner®® demonstrated that an unrinsed or
insufficient rinsed of the sample and a high-concentred thiol solution can lead to an
excess of unbound thiol. Despite having rinsed the sample several times with absolute
ethanol, it seems that not all the unbound thiols or disulfides have been removed. The
possible 1 — = interactions among the electronic clouds of the pyrrole rings can
decrease the efficiency of the washing step, making the rinse more difficult and
resulting in a higher percentage of unbound thiol in our samples. Therefore, the
unbound thiol percentage is higher than expected. Another reason could be the
contamination of the gold surface which would make the assembly between thiol and

gold more difficult.
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Table 3. Binding energies and quantitative analysis (%) of the S 2p and C 1s chemical
bond corresponding to Py3SH, Py6SH and Py12SH monolayers.

Py3SH Py6SH Py12SH
B.E. (eV) % B.E. (eV) % B.E. (eV) %

S-Au 162.0 18.1 162.0 4.1 161.8 15.8

S 2p|Sunbound/S-S| 163.7 63.5 163.5 8.9 163.6 47.8
S ox 168 18.4 168.5 87 167.7 36.4

c-C 284.9 70.1 285 43.4 285 57.8

C-N 285.7 7.7 286 14.7 285.9 13.4

C1ls C-O0-C 286.5 12.0 286.7 35.6 286.4 13.5
C oxid 288.1 10.2 288.2 6.3 288 15.3

As stated before, the a priori unexpected sulfonate peak can be explained by an
excessive exposure to air before the XPS analysis. Several days in contact to air can
cause the appearance of this peak. To corroborate this hypothesis, the Py6SH sample
was left in contact with air 10 weeks before performing the XPS analysis. As shown in
Table 5, most of the S 2p signal corresponds to the sulfonate specie (87%), while the
thiolate, unbound thiol or disulfide are found in a very low concentration. These results
confirm the evolution from thiol to sulfonate by a progressive oxidation of the

monolayer anchoring group.

In addition, the C 1s high resolution spectra of the different monolayers have been
included to complete the chemical information (Figure 8, Figure 9 and Figure 10). The
carbon signal has been split into four peaks. The peak at 285 eV (C-C) originates from
the carbons that form the monolayer (except the ones bounded to the nitrogen atom)
and the peak at 286.0 eV (C-N) corresponds to the carbon atoms linked to the nitrogen
of the pyrrolyl group. Then, two different peaks were assigned to different oxidized
carbon species. The feature at 286.6 eV (C-O-C) is attributed to alkoxy groups and the
peak at 288.0 eV (C,y) to other oxidized species such as -COO-. The results for the

monolayer analysis can be seen in Table 3.

The theoretical ratios between the C-C and the C-N peaks are 1.33, 2.33 and 4.33 for
the Py3SH, Py6SH and Py12SH SAMs respectively and the observed ratios are 9.10,
2.95 and 4.31. As it can be seen, the C-C/C-N ratio which best fits is observed for the
Py12SH SAM, whereas the Py6SH ratio is slightly higher and the Py3SH considerably
higher. This observation agrees with the XPS composition analysis described

previously. The reason for this high discrepancy can be explained by a poor
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organization of the monolayer. If the monolayer is not compact enough, the adsorption
of atmospheric contaminants can take place. Thereby, the aliphatic carbons of the
atmospheric contaminants increase the C-C peak which theoretically is attributed to

carbons from the monolayer only.

Furthermore, it is interesting to remark the alkoxy peak at 286.6 eV. While Py3SH and
Py12SH SAMs present similar intensity values (12% and 13.5%), the Py6SH SAM
shows a significantly higher value (35.6%). It should be taken in account that the
Py6SH sample was left exposed to air for a long period of time to observe its effect on
the monolayer. As it was discussed before, it entails the appearance of sulfonate
groups. Nevertheless, this result suggests the formation of alkoxy species, besides
other oxidized species, due to the monolayer oxidation. Thus, the presence of the
alkoxy peak in the monolayers indicates an oxidation process which can affect the

monolayer quality and it could explain the low thiol-gold binding.
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Figure 8. C 1s high resolution spectrum of Py3SH.
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Figure 9. C 1s high resolution spectrum of Py6SH.
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Figure 10. C 1s high resolution spectrum of Py12SH.

2.1.3.2 Cyclic voltammetry
CV is a powerful tool to study the electrochemistry on a surface. Therefore, it has been

extensively used to investigate the monolayer structure. This technique can determine

the charge transfer process at the interface which is influenced by the nature of the
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electrode surface. Comparing the voltammogram between unmodified substrate and

SAM-modified gold, it is possible to study the effect of the SAM in aqueous solutions.

After carrying out the CV on unmodified gold, it was observed that the gold film had
been removed from the silica substrate in our experiments. The formation of oxygen
gas in the anodic scan due to the oxidation of water (Equation 2) lead to a cavitation

attack causing the detachment of the gold film.
H,O0—>2H" +1/0,+2 E=123V @)

Formation of oxygen bubbles produced a physical attack at the edge of the substrate;
thus it can be assumed that friction can be the cause of the peeling off. As a
consequence, no data for these experiments could be recorded. In contrast, no
detachment was observed for SAM-modified gold electrodes when the CV was
performed. A typical voltammogram for a SAM-modified electrode is presented in
Figure 11. An irreversible oxidative peak is observed at around 1.2 V. Chloride
solutions under anodic potential cause gold dissolution due to an oxidative reaction
(Equation 3). In addition, the monolayer desorption process seems to appear near of
this potential. The cleavage of the thiolate bond can be achieved by applying a specific

voltage on the monolayer.
Au+4Cl- - AuCl, +3¢~ E=1.2V (3)

Since these two processes present a similar potential, it is not possible to distinguish
them in the voltammogram. Furthermore, at this point, it would not be possible to
assure which one of the two processes occurs first. It is possible that gold dissolution
lead to the monolayer desorption. Or, that due to the monolayer desorption, the gold
surface is exposed to the chloride solution and then, it helps the oxidation and posterior
gold dissolution.
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Figure 11. Cyclic voltammetry of Py6SH SAM on gold in a 0.1 M KCI solution. Scan range:
from -1.0 to 1.8 V, scan rate: 100mV/s

Another irreversible oxidation peak at 0.8 V appears in the voltammogram, which can
be assigned to the electropolymerization of the monolayer. The first attempt of an
electrochemical polymerization of a monomer monolayer formed by self-assembly of a
o-(N-pyrrolyl)alkanethiol on Au was reported by Willicut and McCarley.?* Cyclic
voltammetries were performed in nonaqueous electrolyte solution obtaining an
irreversible peak at E = +1.0 V Vs SSCE, corresponding to the oxidation of N-
alkylpyrroles. Nevertheless, further experiments performed on aqueous electrolyte
solution confirm the oxidation potential obtained in our experiments.*?> Once pyrrole
groups are activated by electrochemical oxidation, side pyrrole units can be linked

through 2 and 5 positions to form a PPy layer.

After CV of the monolayer was performed, deposition of PPy by CV on Py12SH SAM-
modified gold surfaces was attempted. Although PPy deposition on SAM surfaces has
been demonstrated, Collard et al reported that long alkylthiol monolayers on gold can
difficult the polymerization process due to a reduction of the transport of redox active
species in solution caused by surface electrode blockage.?® Figure 12 shows the
voltammogram for the PPy electropolymerization. The curves resemble the graph
obtained during SAM characterization, except for the peak that appears at 1.1 V. The
only difference in the experimental part was the introduction of pyrrole in the solution.
Therefore, this peak can only be assigned to the pyrrole oxidation. Besides, it can be

observed that after the first scan, there is no evidence of the peak. The explanation is
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related to the mechanism of electrochemical polymerization. The first step to obtain a
PPy film is to produce pyrrole active species to initiate the polymerization. These
precursors are formed during the first scan. Then, during the second scan, activated
pyrrole species react to yield short PPy chains. Finally, subsequent scans produce new
reactive species that combine themselves to extend the polymer chain. For this reason,
it is not possible to observe the PPy oxidation peak until the second scan. The
oxidation peak intensity increases gradually, indicating that a higher amount of PPy is

produced after each scan.
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Figure 12. Cyclic voltammogram of electrodeposition of polypyrrole on Py12SH SAM-
modified gold in 0.1 M KCIl aqueous solution at a scan rate of 100 mV/s.

In a typical PPy polymerization performed by CV (Figure 13) a series of reduction
peaks, which have not been found in our experiments, can be observed. In the
oxidative scan, there are two peaks. The first one corresponds to the pyrrole oxidation
and the second one to the chain oxidation. In the reductive scan, and approximately at
the same potential than the polymer oxidation, there is a reduction peak, which
corresponds to the reduction of the polymeric chain. The complete cycle includes the
monomer oxidation, the chain oxidation and the chain reduction, without one of these
steps it is not possible to achieve the electrochemical synthesis of PPy.

33



i1 07 03 01 05
EN vs. Ag/AgCI

Figure 13. Cyclic voltammograms for polypyrrole polymerization (Arrieta, 2009)

Since the reduction step has not been observed in the electrochemical polymerization
performed on the SAM-modified gold, it can be deduced that PPy mechanism
formation has not been completed. It can be hypothesised that the oxidative peak
observed at 1.1 V in Figure 12 belongs only to the pyrrole oxidation. The reason for this
may stem from the protective effect of the monolayer, which blocks the electron
transference and, as a consequence, it prevents the oxidation and reduction of the
polymer chain. However, the pyrrole molecule has been demonstrated to be oxidised in
the experiment. This oxidation can be due to a diffusional controlled reaction, where
the monomer can get approach to the electrode. Pyrrole solubilised in water can diffuse
through the monolayer to reach the surface electrode, where the electronic
transference is more feasible. Then, the species are activated and, when they are
close enough, they can react with each other to form polypyrrole. After that, more
pyrrole species can reach the electrode surface, displacing the previously oxidised, and

they can be oxidised to start the process again.

CV has demonstrated the insulator effect of the monolayer in the polymerization
process. Although the high percentage of unbound thiol discussed in the XPS results,
the electrochemical experiments prove that the thiolate-gold bond has been achieved
as well and that the monolayer quality is still good enough. Moreover, it suggests that
electrochemical polymerization is not the most viable way to deposit PPy on the
monolayer. Thus, these results support the initial idea of performing plasma

polymerization to deposit PPy thin films on SAM-modified substrates.
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2.1.3.3 TOF-SIMS

SAMs were analyzed by TOF-SIMS in order to characterize their structures. Despite
the fact that XPS or vibrational spectroscopies have been widely used to determine
their bonding or their structure, TOF-SIMS can provide valuable information as well.
While other technigques have limited spatial resolution, TOF-SIMS can supply a high
mass range and a high sensitive analysis. For this study, this mass spectrometry
technique has been used to confirm the monolayer formation. When the surface is
bombarded by energetic primary particles (Bi**), secondary particles of different nature
such as electrons, neutrals species atoms or molecules and atomic and cluster ions
are emitted. The secondary ions are the ones which are detected and analyzed by a
mass spectrometer. Thus, this process enables a detailed chemical analysis of the

surface.
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Figure 14. TOF-SIMS spectra of the gold surface. Upper spectrum ranges from m/z 0 to
100 and lower spectrum from 100 to 450.

The analysis was done by comparing characteristic features on bare gold and on SAM-
modified gold surfaces (Figure 14, Figure 15 and Figure 16). Tarlov and Newman®’
were the first ones who studied SAMs by SIMS, focusing on methyl terminated
monolayers of several chain lengths and describing many of the important spectral
features. They reported the appearance of elemental ions Au” (m/z = 197) and S (m/z
= 32), together with SH™ (m/z = 33) as characteristic features to be taken into account.

A range of gold-sulphur fragments were also observed: Au,’, AuS’, AuS,’, Au,S and
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Au,S," at an m/z of 394, 229, 261, 426 and 458 respectively. In addition, they reported
a number of peaks that could be specifically associated with ions containing entire
adsorbate molecules, which are: (M-H), AuM’, AuMS’, Au,(M-H)" and Au(M-H)," (being
M the molecule adsorbed onto the surface). However, there was no evidence of such
fragments in the surveyed spectra. Since the molecules that form the monolayer are ®-
functionalised alkylthiols, it could be assumed that after the ion impact, fragmentation
of this kind of SAMs do not follow the model proposed by Tarlov and Newman.
Probably, the pyrrole group was removed from the alkyl chain and the peaks do not
correlate with the predicted ones. Chemical differences in the composition of the
monolayers lead to different fragmentation profiles. Thereby some of the ions studied
by Tarlov and Newman can not be compared with the ones obtained in the pyrrole-

terminated monolayers.
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Figure 15. TOF-SIMS spectra of the Py3SH SAM on gold. Upper spectrum ranges from
m/z 0 to 100 and lower spectrum from 100 to 450.
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Figure 16. TOF-SIMS spectra of the Py12SH SAM on gold. Upper spectrum ranges from
m/z 0 to 100 and lower spectrum from 100 to 450.

As a consequence, other fragments have been considered for the analysis. Table 4

shows the characteristics features of the monolayers in comparison with the same

peaks in the bare gold. Obviously, the thiol group has been considered as one of the

characteristic peaks. Another selected feature is the pyrrole group, which appears

clearly on spectra of SAM-modified surfaces. As it was explained before, the pyrrole

moiety could have been removed from the monomer and this fragment could be a good

indicator of the monolayer assembly (m/z = 66). In the same way, the pyrrole group

plus some methylenes could have been fragmented by the ion impact and, therefore,

the N-alkylpyrrole family was analysed. These features have been studied in the three

samples: unmodified gold surface, Py3SH and Py12SH SAMs. All the intensities were

normalised to the Au” ion (m/z = 197).

Table 4. Intensity ratio of the characteristic features against Au'.

Intensity
Fragment m/z Au Py3SH Py12SH
SH’ 33 0.21 0.95 1.00
C4H4N 66 0.46 0.85 0.97
CsHgN’ 80 0.80 1.59 1.92
CeHsN’ 94 0.10 0.90 0.97
C7HioN 108 0.06 0.24 0.28
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The thiol intensity ratio of the SAM-modified surfaces was approximately five times
higher than the unmodified gold surface, which proves the assembly of the molecules
on the surface. The pyrrole (m/z = 66) and the methylpyrrole (m/z = 80) fragment
presented a high intensity, but it should be noticed that the intensity of the same signal
on gold was quite high as well. For this reason, a careful interpretation of these signals
should be done. Special attention should be given to the CsHgN™ fragment, because at
the same m/z there is another peak that can interfere with the results. The exposure of
SAMs to air for extended periods can cause the oxidation of the immobilized structures.
As it was reported in the XPS analysis, the thiol group can be oxidised to vyield
sulfonates. The appearance of peaks at m/z 80 and 97 (SO3;” and HSOy) is indicative
of oxidation of the SAMs. Thus, the signal at m/z 80 is the sum of intensities of CsHgN"
and SOj; fragments. This is the reason why the signal intensity for this fragment is so
high. Nevertheless, SAM-modified samples show higher intensities than non-modified
gold surfaces. Furthermore, the same occurs for the ethylpyrrole fragment (m/z = 94),
which shows a low intensity in the gold surface and a higher one in the SAM-modified
gold. On the whole, these results corroborate the idea that a number of homologues of
N-alkylpyrroles are formed due to SAM fragmentation. The next fragments (C;HoN)
show a lower intensity in compared with the previous one. It could be owed to the
number of methylenes linked to the pyrrole; it is more likely to detect fragments with a

shorter alkyl chain, because multiple collisions tend to fragment the longest molecules.

In general, higher intensities are observed in Py12SH SAMs compared to Py3SH. This
phenomenon can be explained by the presence of a higher amount of 12-(N-
pyrrolyl)dodecanethiol molecules on the monolayer. As a consequence, a higher
density of material deposited on the monolayer induces more fragmentation and

therefore, higher intensities.

2.1.3.4 Final remarks

On the whole, the thiol-gold system results in high quality monolayers. Nevertheless,
the results obtained in this section have shown a SAM quality worse than expected,
especially Py3SH and Py6SH SAMs. A lower purity of target molecules, a longer
exposure to air before analysis or an incorrect proceeding process (rinse) are some of
the possible sources of error. In the next section, it has been made an effort to try to
overcome these problems. The synthetic route has been improved, as well as the
methodology has been varied.
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2.2 SELF-ASSEMBLY OF THIOLS AND SELENOLS ON COPPER SURFACES

2.2.1 INTRODUCTION

After developing the self-assembly system of alkylthiols adsorbed on gold, it was
decided to change some elements for the next experiments. The thiol-gold SAM is, with
difference, the most studied monolayer system because of its strong interaction and
because the resistance of gold to oxidation, among others properties. During the last

years, several studies about the use of different kind of substrates have been

28,29 30,31

published. There are several alternatives to gold, such as, silver, copper,

[ 32,33 34,35
1

nicke or cobalt, which have become interesting platforms for the adsorption of
organothiol molecules. In addition, all of them promote the formation of good quality
monolayers. Among them, we believe that one of the most interesting and promising
surface for further projects is copper. Copper is a ductile metal with higher thermal and
electrical conductivity in comparison with gold. Additionally, its lower price makes it a
good alternative to substitute gold surfaces. Because of this, copper is very commonly
use in the electronic industry.*® Particularly interesting is their potential application in
the design of microelectronic devices and their interconnections. One of the major
drawbacks is the rapid oxidation of copper in contact with air. The oxide layer formed
on the metal surface can cause an undesired effect in some applications and a
chemical or thermal reduction process has been required to carry out its purpose.®’
SAM-surface modification has been suggested in numerous investigations as an
alternative to overcome this problem.?*¥3° Research has not been only focused on
adsorption of alkanethiols and other alternatives, such as alkaneselenols derivatives,
have been evaluated.***" Since sulphur and selenium belong to the same group on the
periodic table, organoselenols were thought to be an alternative for organothiol
monolayers. Selenol and diselenide systems are promising candidates for preparation
of semiconductor quantum dots or photoinduced electron-transfer systems as the Se-
termination provides a better electronic coupling than the sulphur group.*> Samant et
al*® were the firsts to investigate the formation of an organoselenol SAM on gold. In a
posterior investigation, Huang** concluded that diphenyl! diselenide molecules displace
benzenethiolate SAM from gold, however diphenyl disulfide molecules do not displace
benzeneselenoate SAM. Competitive adsorption experiments showed that free energy

of adsorption for diphenyl diselenide was more favourable by 0.7 kcal/mol.
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As a consequence, the thiol and the selenol anchoring group in the monolayer
formation process have been compared. In this section, alkanethiols and
alkaneselenols molecules with a pyrrole terminated group have been employed to form
SAMs on a copper substrate. Their behaviour have been studied and characterized

and both have been used as nucleation promoters for PPy plasma polymerization.

2.2.2 EXPERIMENTAL PART

2.2.2.1 Chemicals

Substrate for SAM deposition was polycrystalline copper foil 2mm thick, rectangular-
shaped (20 x 10 mm) obtained from Goodfellow 99.99% (CU000749). 1,6-
Dibromohexane (96%) and 1,12-dibromododecane (98%) were purchased from
Aldrich. Thiourea (99%) was obtained from Acros Organics and selenium (powder,
99%) from Riedel-de-Haén. Pyrrole (99%) was purchased from Acros Organics and
was purified by distillation. Sodium hydride (60% dispersion in mineral oil), NaBH,
(99%), NaCl (99.5%), NaOH (98%), diethyl ether (99%), formic acid (99%), HCI (37%)
and Perchloric acid (70%) were purchased from Acros Organics. DMF (99.8%) was
obtained from Lab-Scan, MgSO, (99.5%) from Aldrich, pentane (95%) and diethyl
ether (99%) from Carlo Erba and absolute ethanol from VWR. THF (Acros, 99%) was

distilled before use.

2.2.2.2 Synthesis of @-(N-pyrrolyl)alkanethiol and selenol

The thiol and the selenol target molecules were synthesized via two-step reactions.

The first step was the same for both thiol and selenol molecules, and it consisted of the

synthesis of the N-Bromoalkylpyrrole. Then, the second step was performed to

introduce the appropriate anchoring group in the alkylpyrrole derivative (Scheme 2).
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Synthesis of N-Bromoalkylpyrrole

In a 250 ml two-necked round bottom flask, sodium hydride (1.8g, 75 mmol) was added
to 50 ml of dry THF. At 0°C, a solution of pyrrole (3.37g, 50 mmol) was added dropwise
and the mixture was stirred for 1 h in an inert atmosphere of argon. Afterwards, a
solution of dibromoalkane (125 mmol) in 50 ml of dry THF was added dropwise. The
mixture was stirred for 3 h at room temperature. Then, 10 ml of water were introduced
and the solution was stirred for 30 minutes. After that, the product was extracted with
diethyl ether (3 x 30 ml) and the organic phase was washed with 50 ml of HCI 1M and
50 ml of deionized water. Then, the extract was dried (MgSO,) and the solvent
removed under reduced pressure. The resulting crude product was purified by
chromatography (silica gel (240-400 mesh), pentane/diethyl ether (9/1) (v/v)) to give N-
Bromoalkylpyrrole as a yellowish liquid. The N-6-Bromohexylpyrrole yield 63% and the
N-12-Bromododecylpyrrole 68%.

'H-NMR (CDCl3, 400 MHz, & (ppm)): N-6-Bromohexylpyrrole: 1.3-1.5 (m, 4H, C3-C4),
1.7-1.9 (m, 4H, C2 and C5), 3.4 (t, 2H, C6), 3.9 (t, 2H, C1), 6.15 (t, 2H, ArH), 6.66 (t,
2H, ArH). N-12-Bromododecylpyrrole: 1.2-1.9 (m, 20H, C2-C11), 3.4 (t, 2H, C12), 3.85
(t, 2H, C1), 6.1 (t, 2H, ArH), 6.65 (t, 2H, ArH).

Synthesis of @-(N-pyrrolyl)alkanethiol

The synthesis of 6-(N-pyrrolyl)hexanethiol and 12-(N-pyrrolyl)Jdodecanethiol has been
described previously in 2.1.2.2.
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Synthesis of o-(N-pyrrolyl)alkaneselenol

Sodium borohydride (0.22 g, 6 mmol) and selenium powder (0.22 g, 3 mmol) were
introduced into a 50 ml two-necked round bottom flask equipped with a stirring bar and
a septum. The flask was kept at room temperature using a water bath, and anhydrous
ethanol (1.58 g, 34 mmol) was then added dropwise. The ethanol addition increases
the hydrogen evolution and a white-grey solid precipitation. After that, 10 ml of
anhydrous DMF were added into the reaction mixture and stirred for 30 minutes. Then,
acid formic (0.30 g, 6 mmol) was added dropwise to initiate the hydrogen formation and
a white solid formation, and the mixture was stirred for 15 minutes. Then, N-
bromoalkylpyrrole (2.5 mmol) was introduced in the mixture and was stirred for 2 hours.
The resulting media was quenched with 10 ml of HCI (10%). Afterwards, 50 ml of water
was added and the mixture was extracted with diethyl ether (3 x 50 ml), washed with
10% HCI, dried over magnesium sulphate, filtered and the solvent was removed by
distilling under reduced pressure.

The 6-(N-pyrrolyl)hexaneselenol (Py6SeH) was obtained in 74%.

'H-NMR (CDCl3, 400 MHz, & in ppm): -0.68 (t, 1H, SeH), 1.25-1.8 (m, 8H, C2-C5), 2.6
(g, 2H, C1), 3.85 (t, 2H, C6), 6.14 (t, 2H, ArH), 6.64 (t, 2H, ArH).

FT-IR (CHCI3, v/cm™): 3098 (arom C-H), 2928 (vas CH,), 2854 (vs CHy), 2312 (SeH),
1542-1451 (pyrrole ring), 1359 (C-N).

6 4 2
@N/\/\/\/SEH
— 5 3 1

The 12-(N-pyrrolyl)dodecaneselenol (Py12SeH) was obtained in 79%.
'H-NMR (CDCls, 400 MHz, § in ppm): -0.68 (t, 1H, SeH), 1.25-1.75 (m, 20H, C2-C11),
2.58 (g, 2H, C1), 3.86 (t, 2H, C12), 6.13 (t, 2H, ArH), 6.64 (t, 2H, ArH).
FT-IR (CHCl3, v/cm™): 3100 (arom C-H), 2923 (vas CH,), 2851 (vs CH,), 2311 (SeH),
1540-1464 (pyrrole ring), 1366 (C-N).

12 10 8 6 4 2
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2.2.2.3 Substrate preparation

Polishing
Copper was prepared by mechanical polishing to achieve an average surface
roughness of 10 nm. Polishing was performed in a BUEHLER, PHOENIX 4000

equipment, following the procedure described below.

First, substrates were dipped into acetone and sonicated for 30 minutes.

Dry samples were first polished with a 1200 silicon carbide paper grid at 10 N force and
300 rpm for 2 minutes. After that, samples were washed copiously with water and
polishing was repeated again.

After that, the silicon carbide disc was changed by a magnetic nylon disc. A 9 um
diamond paste suspension was charged in the disc with a 20 N force at 300 rpm for 5
minutes. Substrates were washed with Mili-Q water (18.2 MQ cm) and the polishing
was repeated again.

To prevent further particle contamination in the next step, all 9 um the diamond
particles were removed from the disc. To this effect, the disc was washed thoroughly
with Mili-Q water at 600 rpm for 20 seconds.

Then, a 3 um diamond paste suspension was charged in the disc with a 20 N force at
300 rpm for 5 minutes. Substrates were washed with Mili-Q water and the polishing
was repeated again.

Finally, the magnetic nylon disc was changed by a cloth disc. A 1 um diamond paste
suspension was charged in the disc with a 20 N force at 300 rpm for 5 minutes.
Substrates were washed with Mili-Q water and the polishing was repeated again.
Afterwards, the samples were washed with ethanol followed by sonication in ethanol for
15 minutes. Samples were dried with an argon stream and were kept for further

experiments.

Oxide reduction

Before carrying out the self-assembly process, it is necessary to remove the copper
oxide layer at the surface. Otherwise, the chemical interaction between the copper and
the thiol or the selenol group would not be so effective. Thus, a reduction treatment
was performed previous to the self-assembly. Before the reduction treatment, organic
contaminants were removed from the surface by an UV-O; cleaning (UVO-Cleaner 42-
220, Jelight Company Inc) for 15 minutes followed by sonication in absolute ethanol for

15 minutes.
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A chronoamperometry procedure was employed to eliminate the copper oxide layer.
Chronoamperometry is an electrochemical technique in which the potential of the
working electrode is maintained constant and the rate of change of current versus time
is measured. The experiment was carried out in an electrochemical cell where the
working electrode was the copper substrate, the reference electrode was a saturated
calomel electrode (SCE, E° = 0.2415 V) and the counter electrode was a platinum
electrode. A 0.5 M HCIO, solution was used as electrolyte, which had been previously
deoxygenated by bubbling argon for 10 minutes. The potential was fixed at -0.82 V for

10 minutes and a stream of argon was bubbled while the experiment was running.

2.2.2.4 The self-assembly

Once the chronoamperometry experiment was finished the copper substrate was
dipped in a 10° M -(N-pyrrolyl)alkanethiol or selenol ethanol solution. It is very
important to introduce the copper from the HCIO, solution at the reduction stage to the
SAM solution as fast as possible to avoid the surface re-oxidation. To obtain a well-
ordered and a defect-free monolayer, copper substrates were immersed into the
solution for 16 hours. After that, the sample was rinsed copiously with absolute ethanol
followed by two sets of 10 min sonication in absolute ethanol. Due to the intermolecular
interaction of pyrrole groups, it is possible to achieve a multilayer instead of a
monolayer. Therefore, sonication was done to prevent this undesirable effect. Finally,
the modified substrates were stored in argon until further characterization or

polymerization.

2.2.2.5 Equipments and methods

NMR spectra were recorded on a JEOL spectrometer (JNM EX-400) at 400 MHz.

Photoelectron spectra of the monolayers were recorded at a 35° take-off angle relative
to the substrate surface with a SSX-100 spectrometer using the monochromatized X-
ray Al Ko radiation (1486.6 eV). Nominal resolution was measured as full width at half-
maximum of 1.0 (core-level spectrum) to 1.5 (survey spectrum). The analysed core-
level lines were calibrated against the C 1s binding energy set at 285 eV, characteristic
of alkyl moieties. The acquired signals were analysed using mixed Gaussian-

Lorentzian curves (80%-20% respectively).
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PM-IRRAS data were collected from a Bruker Equinox 55-PMA37 equipped with a
liquid-nitrogen-cooled mercury-cadmium-telluride (MCT) detector and a zinc-selenide
photoelastic modulator. The infrared light was modulated between s- and p-
polarization at a frequency of 50 kHz and an incident light upon the sample surface
around 85°. Signals generated from each polarization (Rs and R,) were detected
simultaneously by a lock-in amplifier and used to calculate the differential surface
reflectivity (AR/R) = (R, — Rs)/ (Rp + Rs). The spectra were taken by collecting 640
scans at a spectral resolution of 2 cm™.

CV and polarization curves electrochemical techniques were used to assess the
monolayer quality and its ability to inhibit copper corrosion. The measurements were
performed in an EG&G PAR potentiostat model 273A monitored by computer with a
PAR research electrochemistry software 250 using a three-electrode electrochemical
cell. The working electrode was either an unmodified copper foil or a SAM-modified
copper, the auxiliary electrode consisted of a platinum foil and a SCE was used as the
reference electrode. A spot cell was used to analyse a well-defined and reproducible
area of the sample. The CV experiments were carried out in aerated NaOH (0.1 M)
aqueous solution at a sweep rate of 10 mV-s™ and cycled between -1.0 V and 0.4 V Vs
SCE. Blocking factor (BF) has been calculated by measuring the area of the copper
oxidation peaks for bare copper (charge density of bare copper electrode Q°) and for
copper surface modified by Py6SH, Pyl12SH, Py6SeH and Pyl2SeH monolayers
(charge density of modified electrode Q) and by applying the following formula BF(%) =
100 x (Q°- Q)/Q°. Polarization curves have been obtained from a 0.5 M chloride

sodium solution by sweeping the potential from -1 to +1 V Vs SCE at 5mV/s.

2.2.3 SAM CHARACTERIZATION

In this work, a more exhaustive study of the monolayer characterization was
performed. Several techniques were used for this purpose. Some of them relay on
surface analysis and some others are based on electrochemical experiments. The aim
of these experiments was to characterize the chemical composition, the chemical state
or the corrosion behaviour, among other properties, to determine the monolayer
quality. Mainly, there are two characteristics which are aimed in the monolayer
formation. One is a proper bond between the surface and the anchoring group, which is
required in order to obtain a stable monolayer. The other is to obtain a high order

molecular organization in order to achieve homogeneous properties over the surface.
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2.2.3.1 X-ray photoelectron spectroscopy (XPS)

When thiol and selenol molecules are in solution spontaneously react with the copper

surface, as it is shown in reactions 4 and 5:

R—SH+Cu—>R—S—Cu+%H2 (4)

R —SeH +Cu—>R—Se—Cu+%H2 (5)

This technique enables to study the Cu-S or Cu-Se covalent-like bond formation. In this
chapter is especially crucial a deep surface analysis. Because copper is a highly
oxidizable metal, the substrate preparation plays a very important role. Regarding the
electrochemical process, it is absolutely necessary to reduce the copper oxide layer
and prevent the formation of a new layer. As it has been commented, the copper oxide
avoids the correct assembling between the thiol or selenol anchoring group and the
substrate. Therefore, firstly, it should be convenient to carry out a quantitative study of
the chemical compaosition in the monolayer. Figure 17, Figure 18, Figure 19 and Figure
20 show XPS spectra of 6-(N-pyrrolyl)hexanethiol, 12-(N-pyrrolyl)dodecanethiol, 6-(N-
pyrrolyl)hexaneselenol and 12-(N-pyrrolyl)dodecaneselenol respectively. Additionally,
Figure 21 presents the XPS survey spectrum of the copper substrate in which the self-

assembly was carried out.
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Figure 17. XPS spectrum of a Py6SH monolayer on copper.
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Figure 18. XPS spectrum of a Py12SH monolayer on copper.

Cu 2p C1s

Intensity (A.U.)

Se 3d

T T T T T T T T T T
1000 800 600 400 200 0
Binding Energy (eV)

Figure 19. XPS spectrum of a Py6SeH monolayer on copper.

In every spectrum the most important peaks are pointed out: the C 1s at 285 eV, the N
1s at 400 eV, the O 1s at 531 eV, the S 2p at 163 eV or the Se 3d at 55 eV and the Cu
2p, which can be divided into two signals, the 2ps, at 934 eV and the 2py, at 954 eV.
Besides, the Cu LMM peak has been added as it is a feature of the oxidation state of
copper. While carbon, nitrogen and sulphur or selenium atoms are found in the
molecules assembled onto copper, oxygen-related signals give an idea of the quality of

the monolayer. On the other hand, the carbon signal in the copper substrate
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corresponds mainly to carbon contaminants and therefore, the oxygen peak
corresponds to oxidized species (both carbon and copper). The surface chemical

compositions of the different substrates are presented in Table 5.
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Figure 20. XPS spectrum of a Py12SeH monolayer on copper.
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Figure 21. XPS spectrum of copper substrate.

First of all, the amount of oxygen in the sample surface has been studied. It is not
worth to compare the oxygen absolute values in Table 5. As a matter of fact, to obtain
accurate results it is necessary to compare the ratio of copper atoms to oxygen atoms

among all the samples. The Cu/O ratio can be observed in Table 6. As it was expected
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the lowest ratio corresponds to the bare copper. If there is no monolayer protecting the
surface, the copper oxide covers the entire surface. Turning to the monolayers results,
the lowest ratio corresponds to the Py6SH monolayer, followed by the Py6SeH
monolayer with values of 0.53 and 1.26 respectively. In contrast, the higher ratios have
been found in the Py12SH and Py12SeH, 8.44 and 15.00 respectively.

Table 5. XPS surface composition (%) of the different substrates.

Cu Py6SH Py12SH Py6SeH | Pyl12SeH
C (1s) 54.8 80.1 74.9 76.1 66.1
N (1s) - 4.5 4.7 4.4 4.0
O (1s) 38.2 5.7 1.6 6.1 13
S (2p) - 6.7 5.3 - -
Se (3d) - - - 5.7 9.1
Cu (2p) 7.0 3.0 13.5 7.7 195
Table 6. XPS ratios.
Cu Py6SH Py12SH Py6SeH | Pyl12SeH
Cu/O 0.18 0.53 8.44 1.26 15.00
C/N - 17.80 15.94 17.29 16.52
N/S - 0.67 0.89 - -
N/Se - - - 0.77 0.44

A low Cu/O ratio in a monolayer sample means a high amount of the oxide layer.
Therefore, it implies that protection against oxidation has not been as efficient as
expected. The two lower ratios correspond to monolayers with the shortest alkyl
spacing chain (6 methylenes). Numerous studies have attempted to explain how the

chain length can affect the monolayer structure.*>*

It has conclusively been
demonstrated that the longer the spacing chain is, the better structured the monolayer
is. Consequently, a disordered or not well-packed monolayer can allow oxygen to pass
through it and to react with the copper substrate to yield the oxide layer. On the other
hand, the monolayers with the longest alkyl spacing chain (12 methylenes) present the
highest Cu/O ratios. This result can be explained due to Van der Waal forces. Van der
Waal interactions among methylenes help to improve the monolayer quality as it
contributes to a better packing. Every methylene contributes 1.5 KJ/mol to the chain-

chain interaction energy. Because of this, SAMs with longer alkyl chains are better
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packed. As shown in Table 6, there is a significant difference in the Cu/O ratio between
the monolayers based on the spacing chain, the relative ratio between SAMs with 6
methylenes (Py6SH and Py6SeH) and SAMs with 12 methylenes (Py12SH and
Py12SeH) is in the order of 1 to 15. Furthermore, it can be observed that there is a
correlation between the thiol and the selenol monolayer as well. In the selenol
monolayers the amount of oxide is lower than in thiol monolayers. The Cu/O ratio for
both monolayers is approximately 1 to 2 (1 thiol to 2 selenol). This might suggest that
the selenol monolayer is slightly better against the oxide formation. A possible
explanation for this effect could rely on the stronger reductive effect of selenol
molecules. Another reason may be the undesirable presence of disulfide in the
monolayer. In order to obtain a deeper analysis about the chemical composition, a XPS

deconvolution analysis was performed.

XPS deconvolution analysis

The XPS deconvolution process consists of an analysis of the desired atoms in a high
resolution spectrum. Recording highly resolved spectra in a specific range of energy
enables to distinguish the chemical environment of the element. The chemical
environment gives information about the oxidation state and about what kind of atom is
bonded to. The shape of each peak is composed of the sum of all the chemical state of
the atom, giving different binding energy shifts. Thus, the peak fitting is a very powerful

tool to investigate the surface chemistry.

The deconvolution analysis was carried out on the anchoring group (both sulphur and
selenium) and on the carbon atom. By analyzing the chemical state in the anchoring
group, it is possible to determine whether the sulphur and the selenium are covalently
attached to the surface or not. The carbon peak gives information about carbon-carbon
bonds in the monolayer, carbons linked to the nitrogen atom of the pyrrole moiety and

carbon oxidized species among others.

e S 2p analysis
The sulphur energy binding ranges from 155 to 175 eV. Figure 22 and Figure 23 show
the XPS high resolution spectra of Py6SH and Py12SH, respectively, over the S 2p

region. Both spectra are composed of two peaks centered at 162.6 and 163.7 eV. Each
peak was fitted with a spin-orbit coupling, with a splitting of 1.18 eV and considering the
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area ratio 2 to 1 (S 2ps, : S 2py). Thus, the components lie at 162.6 (S 2p3,) and
163.8 eV (S 2p,.,) for the first peak, and at 163.7 (S 2p3,) and 164.9 eV (S 2p,,) for
the second one. Features with S 2p3, at 162.6 eV can be assigned to copper-bound
thiolate (Cu-S-), while those at 163.7 eV can be assigned to unbound thiol (-SH) or
disulfide (-S-S-).
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Figure 22. S 2p high resolution XPS spectrum of Py6SH.
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Figure 23. S 2p high resolution XPS spectrum of Py12SH.
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e C lsanalysis

The carbon energy ranges from 275 to 295 eV. Figure 24 and Figure 25 show the XPS
high resolution spectra of Py6SH and Py12SH, respectively, over the C 1s region. The
carbon signal has been decomposed into three different peaks according to the
different carbon atoms which can be found on the monolayer. The binding energy of
285.9 eV corresponds to carbon atoms bound to nitrogen (C-N). In this study, the
nitrogen atom belongs to the pyrrole moiety in the SAM, and thus, the signal reveals
the carbons surrounding the nitrogen. The peak at 285 eV can be assigned to the rest
of carbon atoms present in the monolayer (C-C). In addition, some spectra show a
small signal around 288.0 eV, which is attributed to carbon oxidised species (Co), such
as CO-0O-C or CO-OH. The origin of these species can be due to solvent oxidation

(ethanol) or even to some atmospheric contaminants.
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Figure 24. C 1s high resolution XPS spectrum of Py6SH.
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Figure 25. C 1s high resolution XPS spectrum of Py12SH.

XPS has revealed that practically all the Py12SH molecules have been assembled to
copper. The ratio between thiolate and unbound thiol or disulfide is 91 to 8. On the
other hand, the Py6SH SAM ratio is 37 to 63, which means that the thiol has not been
bound so efficiently. It is possible to justify this result because of the fact that Py6SH
molecules have been oxidized to yield the disulfide. The 63% which is related to
unbound thiol or disulfide moiety can not be distinguished by XPS, because both
signals overlap, but it is plausible to assume that the disulfide prevails over the
unbound thiol. Moreover, it has been reported previously that disulfide molecules do
not assemble properly to oxidized surfaces.*’ Although copper had been reduced to
eliminate the copper oxide, some oxygen remaining in the solution can react with it to
form the oxide. One of the functions of the monolayers is to protect the surface against
corrosion and prevent the oxide layer formation. Nevertheless, at the first stage of the
monolayer assembling, oxygen can diffuse more easily through the chain spacer due to
the shorter alkyl chain and oxidize the surface. It can be noted that Py6SH SAMs show
the highest Cu/O ratio among all the studied samples. Therefore, because of the
surface and thiol oxidation the bonding quality achieved by the Py6SH monolayer is not
as good as expected. Related to the carbon signal, the ratio between carbon linked to
another carbon and carbon linked to nitrogen has been studied. Because of the
nitrogen in the pyrrole terminated group, it is possible to distinguish the carbons which
form the monolayer. Hence, the theoretical value for the ratio C-C/C-N for the Py6SH
and for the Py12SH monolayers are 2.3 and 4.3, and the ratio obtained by the XPS

analysis are 2.2 and 4.5 respectively. These results indicate that a high quality
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monolayer has been formed, in which, few contaminants or unwanted species are

present on the surface.

Table 7. Binding energies and quantitative analysis (%) of the S 2p and C 1s chemical

bond corresponding to the Py12SH and Py6SH monolayers.

Py12SH Py6SH
B.E. (eV) % B.E.(eV) %
s 2p S-Cu 162.4 91.2% 162.6 36.6%
S unbound | 163.9 8.8% 163.9 63.4%
C-C 285 82% 285 75.1%
C1s C-N 286 18% 285.8 23.2%
C oxid 288.0 0% 288.6 1.7%

e Se 3d analysis

The selenium energy binding ranges from 45 to 65 eV and it shows the XPS high
resolution spectra of Py6SeH and Py12SeH, respectively, over the Se 3d region. Both
spectra are composed of two peaks centered at 55.0 and 56.8 eV. Each peak was
fitted with a spin-orbit coupling, with a splitting of 0.86 eV and considering the area ratio
310 2 (Se 3ds, : Se 3dy2). Thus, the components lie at 55.0 (Se 3ds;) and 55.9 eV (Se
3d,/;) for the first peak, and at 56.8 (Se 3ds;,) and 57.7 eV (Se 3d,,,;) for the second
one. S 2ps;, features at 55.0 eV can be assigned to copper-bound selenoate (Cu-Se-),
while those at 56.8 eV can be assigned to unbound selenol (-SeH) or diselenide (-Se-
Se-).
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Figure 26. Se 3d high resolution XPS spectrum of Py6SeH.
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Figure 27. Se 3d high resolution XPS spectrum of Py12SeH.

e C l1sanalysis

The same study carried out for the thiol monolayers has been done for the selenol
monolayers. The carbon signal is analyzed to determine the amount of carbon linked to
a carbon atom (C-C), carbon linked to a nitrogen atom (C-N) and the amount of how
much carbon oxidized species are presented on the surface. Figure 28 and Figure 29
show the results obtained from the XPS analysis.
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Figure 28. C 1s high resolution XPS spectrum of Py12SeH.
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Figure 29. C 1s high resolution XPS spectrum of Py6SeH.

Both selenol monolayers display a high bond efficiency to copper. More than 90% of
the molecules are assembled to the substrate. In comparison to the thiol analogues,
selenol attached more efficiently to the surface. In this sense, Mekhalif and her group
investigated the self-assembling properties of alkanethiol/disulfide and
alkaneselenol/diselenide molecules on copper.*’ The selenol group presents a stronger
reduction behaviour and because of that, a monolayer can be achieved more easily in

oxidized surfaces. At the first stage, a thiol or a selenol can approach to the oxidized
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surfaces, and then, it can be oxidized to yield a disulfide or a diselenide and leaving
metallic copper at the surface. Next, another thiol or selenol molecule displaces the
disulfide or the diselenide and it can be bound to copper. The corresponding reactions

are provided in equations 6 and 7, where X can be either S or Se.

4RXH + 2CuO — 2RXCu + RXXR + 2H,0 (6)
2RXH + Cu,0 — 2RXCu + H,0 @)

The ratio C-C/C-N has been studied for the selenol monolayers as well. The theoretical
values for Py6SeH and Py12SeH SAMs are 2.3 and 4.3, and the ones obtained in the
experimentally are 2.5 and 4.3 respectively. The observed results fit the expected

ratios, which proves the formation of high quality monolayers.

Table 8. Binding energies and quantitative analysis (%) of the Se 3d and C 1s chemical
bond corresponding to the Py12SeH and Py6SeH monolayers.

Py12SeH Py6SeH
B.E. (eV) % B.E. (eV) %
Se-Cu 54.7 97.3% 55.5 90.4%
Se 2p
Se unbound 57.0 2.7% 56.7 9.6%
C-C 285.0 78.3% 285.0 68.5%
Cls C-N 286 18.2% 286.4 27.1%
C oxid 287.9 3.5% 288.4 4.4%

Regarding the C 1s deconvolution analysis of thiols assembled on gold, it was
necessary to include a peak assigned to an alkoxy group to properly fit the signal.
However, in this case, it has not been necessary to include the alkoxy functionality
neither for thiol nor selenol for the copper samples deconvolution. The alkoxy peak was
justified by the monolayer oxidation and it was related to the detachment of thiolates.
For copper samples, the thiolate and selenoate bonds present very high yields, which
reveals good quality in the assembling process. Moreover, no evidences of alkoxy
groups have been observed in the carbon signal, which could corroborate the
hypothesis that monolayer oxidation causes the formation of alkoxy groups.
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2.2.3.2 PM-IRRAS

The Polarization Modulation Infrared Reflection-Absorption Spectroscopy (PM-IRRAS)
is a technique which enables to study the structure and orientation of very thin films on
the surface. Due to polarization modulation of the incident beam at a high frequency, it
is possible to eliminate the atmospheric-associated signal (H,O and CO,) that may
interfere with the sample interpretation. Samples are only sensitive to p-polarization
due to the absorption anisotropy on the surface. Hence, difference from the p- and s-
polarization lead to the surface characterization. For this reason, PM-IRRAS is being
widely employed for SAMs characterization. The monolayer packing depends mainly
on the terminal group and the spacer chain. The terminal group, as it has been seen,
can vary according to surface requirements. In contrast, the spacer chain is formed
usually by methylene units. Several attempts have been made to study the ordering
and packing of alkanethiol and alkaneselenol SAMs. Typical peak positions for well-
ordered alkanethiol and alkaneselenol monolayers were observed at 2964 (v, (CH3)),
2877 (vs (CH3)), 2918 (va (CH,)), and 2850 (vs (CH,)) cm™.*°

Figure 30 shows the PM-IRRAS spectra of the Py6SH, Py6SeH, Pyl12SH and
Py12SeH monolayers. The absorption bands of asymmetric and symmetric methylene
vibrations for Py12SH and Py12SeH monolayers appear at 2926 and 2852 cm™
respectively, and for Py6SH and Py6SeH monolayers at 2927 and 2854 cm™.
Compared to well-ordered monolayers, there has been a shift to higher frequencies in
the four monolayers. The higher the frequency is, the worse packed the monolayer is.
This shift is due to a loss of ordering attributed to the pyrrole terminated group. A
methyl, which is a non-voluminous group, is the terminated group in well-ordered
monolayers. As a consequence, chains can get approach. Van der Waals forces rule
the interaction among chains and they are the most important factor in the monolayer
packing. Thus, in well-ordered monolayers, the interaction among chains reaches the
maximum possible because chains are the closest possible. However, pyrrole
terminated SAMs are not so well packed, because the pyrrole group is much
voluminous than a methyl. In this case, the chains are more separated from each other
and Van der Waals interactions decrease. These are the reasons which support the
observed absorption shift for the considered monolayers.

Moreover, it can be observed, as expected, that SAMs with the longest alkyl chain
present lower absorption frequencies. The relationship between the alkyl chain length

and the monolayer ordering has been widely investigated. It has been conclusively
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shown that the order of the monolayer increases with increasing the number of
methylene units. This phenomenon is attributed to an increase in the number of Van
der Waals interactions, which is proportional to the number of methylene units. As it
has been explained previously, Van der Waals interactions among chains are one of
the most important factors in the formation of ordered monolayers. Thereby, Py12SH
and Pyl12SeH SAMs are better packed than Py6SH and Py6SeH. In addition, no
differences have been observed between the thiol and the selenol anchoring group.
Thiolate and selenoate bond posses a covalent/ionic nature depending on a stronger pi
or sigma character.®® Covalent radii for S and Se are 1.02 and 1.16 A, and the ionic
radii are 0.37 and 0.50 A respectively. Since the ionic radii are similar in size, it can be
assumed that either thiolate and selenoate bond assemble in a very similar way with

the surface and display the same ordering.
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Figure 30. PM-IRRAS spectra of Py6SH, Py6SeH, Py12SH and Py12SeH monolayers.

2.2.3.3 Electrochemical characterization

SAMs are commonly used to prevent undesirable reactions on the surface substrates.
The ability of SAMs to block redox reactions lies on the layer efficiency to obtain a
dense structure which impedes the mass transport through it. This blocking property is
very useful to inhibit corrosion of metals. However, SAMs can present some defects
along the layer and these defects can be detected by applying a voltage at the surface
and measuring the intensity flow. In order to assess the quality of these SAMs, cyclic

voltammetry and polarization curves were recorded and analyzed.
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2.2.3.3.1 Cyclic voltammetry

The electrochemical study of the oxidation of copper in aqueous basic media is
reported next. Figure 31 displays cyclic voltammograms of bare copper, Py6SH,
Py6SeH, Py12SH and Pyl12SeH. Typical anodic and cathodic peaks are observed in
the copper voltammogram. Three oxidation peaks and two reduction peaks can be
distinguished.

The corresponding anodic reactions are:

2Cu+20H" - Cu,0+H,0+2¢" E=-040V (8)
Cu,0+20H" +H,0 - 2Cu(OH), +2¢e~ E=-0.10V 9)
Cu,0+20H" - 2CuO0+H,0+2e” E=0.10V (10)

The cathodic reactions are:

2Cul0+H,0+2¢" —-»Cu,0+20H" E=-057V (11)

Cu,0+H,0+2¢ —»2Cu+20H" E=-0.93V (12)

The presence of SAMs should prevent the appearance of oxidation peaks in the anodic
scan. However, if there is any defect at the layer, it is possible to observe the electron
transfer between the electrode and the media. Thus, some unwanted peaks can
appear. A voltammogram of the monolayers have been plotted apart (Figure 32)
because in Figure 31 the intensity flow through copper is too high in comparison to the
monolayers. Almost no peaks can be detected in the anodic scan which indicates a
very good protection against oxidation. Indeed, there is a sharp increase in intensity for
Py6SH and Py6SeH monolayer at 0.1 V approximately. This signal is due to molecules
desoprtion from the surface. It should be noted that longest monolayers offer higher
stability under the chosen conditions as no desorption is observed. Furthermore, to
carry out a deeper study of the monolayer protection, the BF has been considered. The
BF has been calculated by measuring the area of the copper oxidation peaks for bare
copper (charge density of bare copper electrode Q% and for copper surface modified
by Py6SH, Py12SH, Py6SeH and Pyl12SeH monolayers (charge density of modified
electrode Q) and by applying the following equation:
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BF (%) = QOQ_Q x100 (13)

0

The BF for Py6SH, Py6SeH, Py12SH and Py12SeH SAMs are 85%, 90%, 95% and
95% respectively. The more percentage of molecules attached to the surface, the more
higher the BF is. These results agree with the ones obtained by XPS. If the thiol or the
selenol is not properly bound to the copper, the electrons can flow through the working
electrode. This electron transfer causes the appearance of oxidation peaks.
Nevertheless, Py12SH and Py12SeH have shown a great effectiveness of the surface
covering. A BF of 100% has not been reached probably due to the pyrrole moiety. As
commented in PM-IRRAS characterization, the monolayer ordering achieved is not the

highest that can be obtained due to the bulkiness of pyrrole groups.
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Figure 31. Cyclic voltammogram curves of bare Cu and Py6SH, Py6SeH, Py12SH and
Py12SeH monolayers.
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Figure 32. Cyclic voltammogram curves of Py6SH, Py6SeH, Py12SH and Py12SeH
monolayers.

2.2.3.3.2 Polarization curves

A polarization curve is another electrochemical tool to evaluate the efficiency of
corrosion inhibition. The current (or more often the current density) is plotted against
the cell voltage. Typically an alkaline media is used for the experiments: in this case a
NaCl solution was used. In addition the chloride anion is known to interfere with the
passivation process of copper, resulting in breakdown of the passive film and pitting
corrosion.

The copper dissolution in a chloride solution leads to the CuCl,” formation, the

mechanism is as follows:**?

Cu+Cl™ - CuCl +e” (14)
CuCl +CI~ — CuCl, (15)
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Figure 33. Polarization curves of bare copper, Py6SH, Py6SeH, Py12SH and Py12SeH
monolayers.

Polarization curves were obtained from polarizing the samples from -1 Vto +1V, at a
scan rate of 5 mV/s.

Figure 33 displays the polarization curves of the different samples. The corrosion
potentials and the corrosion current densities were calculated by using Taffel
extrapolation method (Table 9). The copper corrosion potential was observed at -373
mV, practically at the same potential than the Py6SH monolayer (-370 mV). In contrast,
SAM-modified copper corrosion potentials were shifted towards more anodic potential.
The corrosion potentials for Py6SeH, Py12SH and Pyl2SeH monolayers are quite
close to each other and their values are -336, -318 and -332 mV respectively. This shift
in the corrosion potential indicates a more efficient protection of the metal surface due
to the monolayers protection. The corrosion current densities show an important
difference between bare copper and SAMs-modified copper surfaces as well. The
measured current densities for the SAMs is about more than 15 times lower than for
copper. This result indicates that the monolayers act as an insulator barrier to prevent
the copper corrosion. The corrosion current densities for the Py6SeH, Py12SH and
Py12SeH monolayers display very similar values (21, 24 and 23 pA/cm?), which makes
quite difficult to differentiate them. Compared with them, the corrosion current density
for Py6SH SAM is slightly higher (32 pA/cm?). This difference is owed to the lower
quality of the monolayer. Because of the worse ordering and assembling, the current
can flow more easily through the monolayer. This result is consistent with those
obtained by other characterization techniques and suggests that Py6SH SAM probably

presents the worst quality among the four monolayers.
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Table 9. Corrosion potentials and corrosion current densities for bare copper, Py6SH,
Py6SeH, Py12SH and Py12SeH monolayers.

Cu | Py6SH | Py6SeH [ Py12SH | Py12SeH

veorr (mV) -373 -370 -336 -318 -332
lcorr (uA/cm?) | 396 32 21 24 23

2.2.3.4 Self-assembling characterization summary

As previously reported, several parameters, such as, surface composition, chemical
bonding, ordering and compactness have been investigated in the different
monolayers. The most important features are presented in Table 7, Table 8 and Table
10. Almost all the techniques have revealed that Py6S SAMs show the poorest quality.
In contrast, Py1l2SH and Pyl12SeH have yielded the best quality SAMs. The chain
length plays an important role in the monolayer ordering and in their blocking
properties. In general, the shortest monolayers are worse structured than the longest
ones. Therefore, the difference between 6 and 12 methylene units is enough significant
to confer different properties to the monolayers. Furthermore, selenoate bond on
copper tends to be more efficient, whereas thiolate bond presents more difficulties,
especially in oxidized surfaces. The stronger reduction effect of the selenol group

enables it to be attached to the copper despite of the presence of copper oxide.

Due to the high quality of their monolayers, Py12SH and Py12SeH monolayers have
been chosen for the next experiments. In order to study the PPy deposition, only one of
the two kinds of molecules of each anchoring group has been employed.

Table 10. PM-IRRAS, cyclic voltammetry and polarisation curve results for Py6SH,
Py6SeH, Py12SH and Py12SeH monolayers.

PM-IRRAS Cyclic voltammetry Polarization curve
va (cm?) | vs (cm™) BF (%) Veorr (MV) | leor (WA/CM?)
Py6SH 2927 2854 85 -370 32
Py6SeH 2927 2854 90 -336 21
Py12SH 2926 2852 95 -318 24
Py12SeH 2926 2852 95 -332 23
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2.3 SELF-ASSEMBLY OF SILANES ON SILICON WAFERS

2.3.1 INTRODUCTION

In the previous assays, a method to deposit PPy on SAM-modified surfaces has been
developed. In both cases, the surface was a metal, gold or copper, which had been
modified with thiol or selenol molecules. Since sulphur and selenium have similar
reactivity, they can be assembled onto the same kind of substrates. For this reason, we
decided to change the metal surface for a silicon wafer. The use of SAMs has become
particularly helpful for the design of Micro-Electro-Mechanical Systems (MEMS).
MEMS are integrated mechanical elements, sensors, actuators and electronics on a
common silicon substrate through microfabrication technology. One major limitation in
the microfabrication is stinction (static friction), which can result in the failure of the
device. The use of monolayers can eliminate the release stinction and reduce the in-
use stiction because they act as a passivation layer providing a suitable low energy
surface coating. Based on this hypothesis, we wanted to explore the modification of a
silicon wafer with a pyrrole-terminated SAM and the posterior plasma polymerization.
Most silicon has an oxide layer on the surface and silanes typically form a nicely
oriented monolayer on it. Alkyl trichloro or trimethoxy silanes are the most frequent
molecules used for the SAM formation on silicon substrates. However, in this
investigation a 11-(pyrrol-1-yl-undecyl)dimethylchlorosilane monolayer (Py11Si) has

been attached to the silicon wafer.

2.3.2 EXPERIMENTAL PART

2.3.2.1 Chemicals

Potassium (99.95%), 11-bromo-1l-undecene (95%), chlorodimethylsilane (98%) and
chloroplatinic acid hexahydrate (37.5%) were purchased from Aldrich and were used
without further purification. Pyrrole (98%) was purchased from Aldrich and was purified
by distillation. DMSO (99.9%), THF (99.9%), toluene (99.8%), diethyl ether (99.7%)
and sodium bicarbonate (99.5%) were obtained from Aldrich, CH,Cl, (99.5%), H,SO,
(96%), ammonium hydroxide (30%) and H,O, (30%) from Panreac and MgSO, from

Quimivita, all of them were used as received.
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2.3.2.2 Synthesis of 11-(pyrrol-1-yl-undecyl)dimethylchlorosilane

The synthesis of the target molecule can be found in literature.>*®° It consisted of the
pyrrole salt formation prepared in situ by treatment of potassium with pyrrole followed
by reaction with 11-Bromo-l-undecene to vyield the 11-(pyrrol-1-yl)undecene.
Afterwards, the addition of the silane to the alkene intermediate was achieved using a

hexachloroplatinic acid as catalyst (Scheme 3).

H KT
N K N
\\ // THF 65°C, Ar \\ //
N DMSO - Vi NW
RT 48h _

@NW NOEE: @NWS{—CI

H,PtCl, (cat), Ar

Scheme 3

In a 250 ml round-bottom flask, 30 mmol of potassium freshly cut and 370 mmol of
pyrrole were added in 80 ml of dry THF in an inert atmosphere. The mixture was
heated and stirred until melting and posterior disappearance of potassium. 20 ml of
DMSO were poured. Afterwards, a solution of 60 mmol of 11-Bromo-1-undecene in 100
ml of DMSO was added in a period of 45 minutes. The mixture was stirred at room
temperature during 48 hours and then poured into a 50 ml saturated sodium
bicarbonate aqueous solution. The product was extracted with diethyl ether (4x25 ml)
and dried with anhydrous MgSO,. The organic phase was distilled under reduced
pressure to obtain 11-(pyrrol-1-yl)alkene. Further purification was achieved by flash
chromatography on silica gel (240-400 mesh) using hexane and dichloromethane
(20:1) mixture. The 11-(pyrrol-1-yl)alkene (4.5 mmol) was mixed with 90 mmol of
dimethylchlorosilane and a catalytic amount of hexachloroplatinic acid. The mixture
was stirred overnight at inert atmosphere. Residual dimethylchlorosilane was removed

by distilling under reduced pressure.
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11-(pyrrol-1-yl-undecyl)dimethylchlorosilane (Py11Si) was obtained as a dark liquid in
65% yield.
'H-NMR (CDCl3, 300 MHz, & in ppm): 6.64 (t, 2H, ArH), 6.13 (t, 2H, ArH), 3.86 (t, 2H,
C11), 1.75 (m, 2H, C10), 1.35-1.22 (m, 16H, C3-C9), 0.82 (m, 2H, C1), 0.40 (s, 6H, Si-
CH3)
FT-IR (CHCl3, v/em™): 3102 (arom C-H), 2923 (vas CH,), 2853 (vs CH,), 1540-1464
(pyrrole ring), 1372 (C-N), 840-795 (Si-CH3), 719 (Si-ClI).

11 9 7 5 3 1

/ _cl
CN Sj
— 0 8 6 4 2 N

2.3.2.3 Substrate preparation

The self-assembling process requires a hydroxyl terminated group on the surface of
the silicon wafer. Despite of the fact that silicon wafers have some hydroxyl groups on
the surface, it should be convenient to create more groups to facilitate the assembly. A
method for increasing the concentration of hydroxyl groups on the silicon surfaces is

described below.

A solution of Milli-Q water, ammonium hydroxide and hydrogen peroxide (vol 5:1:1)
was prepared. The silicon wafers were put inside a quartz beaker with the previous
solution and the pot was heated up in a water bath. When the temperature reached
80°C inside the solution, the system was kept 10 minutes at this temperature
(important, temperature should not exceed 81°C). Afterwards, the system was allowed
to cool down. At 50°C the mixture was diluted by adding Milli-Q water. Then it was
poured half of the liquid taking care not to expose the substrates to the atmosphere.
The substrates must be kept all the time under aqueous solution. The solution was
again half diluted in the same way. This step was repeated eight times. When the
solution was at room temperature, the silicon wafers were taken off. The substrates
were immersed in Milli-Q water twice. After that, the samples were sonicated for 15
minutes in Milli-Q water. The beaker was taken off of the ultrasonic bath and rinsed
with Milli-Q water once. Next, the wafers were treated with a mixture of water and
chloric acid (36%) in ratio 1:1. The substrates were sonicated again for 15 minutes.
Finally, in order to get rid of chloric acid, silicon wafers were rinsed eight times in Milli-
Q water as described before.
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2.3.2.4 Self Assembly

Formation of the self-assembled monolayer was performed by dipping the silicon
wafers  previously modified into a 1mM solution of 11-(pyrrol-1-yl-
undecyl)dimethylchlorosilane in toluene during 16h. After that, a sonication treatment
was done to remove possible physisorption of silane species, then the wafers were
blown dry in a stream of nitrogen. Samples were kept under argon atmosphere until

further polymerization or characterization.

2.3.2.5 Equipments and methods

NMR spectra were recorded on a Varian Gemini 300 HC apparatus.

FT-IR spectra were collected on a Nicolet Magna 560 FTIR spectrophotometer.

XPS was carried out in a PHI 5500 Multitechnique System (Physical Electronics) with a
monochromatic X-ray source (Aluminium Kalfa line of 1486.6 eV energy and 350 W),
placed perpendicular to the analyzer axis and calibrated using the 3d5/2 line of Ag. The
analyzed area was a circle of 0.8 mm diameter. The XPS spectra were analyzed by the
Multipack Version 5.0A software. The binding energy of the core-levels was calibrated
against the C 1s binding energy set at 285 eV, an energy characteristic of alkyl
moieties. The peaks were analysed using mixed Gaussian-Lorentzian curves (80% of
Gaussian character).

The TOF-SIMS analyses were performed using a TOF-SIMS IV mass spectrometer
(ION-TOF, Munster, Germany) operated at a pressure of 5 x 10-9 mbar, 18 ns pulses
of 25 keV Bi*" (primary ions) were bunched, with an incidence angle of 45°, to form ion
packets with a nominal temporal extent of <0.9 ns at a repetition rate of 10 kHz, which
produced a target current of 0.2 pA. These primary ion conditions were used to scan a

125x125 pum area of the sample for 30 s.

2.3.3 SAM CHARACTERIZATION

The assembly process consists of a first step, in which the organochlorosilane group is
hydrolyzed to form a silanol (the typical reaction for a trichlorosilane is shown in
equation 16), which is a more reactive specie. Then, this silanol can get approach and
react with a hydroxyl group on the surface to yield the Si-O-Si bond (Equation 17).
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R - SiCl, +3H,0 — R—Si(OH ), + 3HCI (16)
R—Si(OH), +Si—OH — R-Si(OH), -0 -Si+H,0 (17)

The two unreacted hydroxyl group can further react with a neighbour molecule to form

intermolecular crosslinking Si-O-Si bonds, to obtain a more compact monolayer.

R
—O—?i—O—?i—O—?i—O—?i—O—
O O O O

Figure 34. Scheme of a cross-linked silane monolayer.

However, these lateral hydroxyls can react with other free silanol species in solution
leading to a more disorder structure (Figure 35). In order to minimize this phenomenon,
a dimethylchlorosilane group has been used for the monolayer formation instead of a
trichlorosilane (Figure 36). Since the methyl group is more voluminous than a hydroxyl,
it is not possible to achieve the same compactness. On the other hand, undesired

reactions among close hydroxyls are avoided.
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Figure 35. Scheme of a disordered cross-linked silane monolayer.
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Figure 36. Scheme of a dimethylsilane monolayer.
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2.3.3.1 XPS

The survey spectra for the silicon wafer and for the Pyl11Si SAM are displayed in
Figure 37. While the silicon wafer shows only three elements: silicon (2p at 104 eV and
2s at 154eV), carbon (1s at 285 eV) and oxygen (1s, 532 eV), in the SAM-modified
silicon wafer appeared another peak corresponding to the nitrogen atom (1s at 400

eV). The new signal can only be due to the pyrrole moiety of the Py11Si SAM.
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Figure 37. XPS spectrum of a silicon wafer (upper) and of a silicon wafer modified by a
Py11Si SAM (lower).

Table 11 compares the surface composition between the silicon wafer and the SAM-
modified wafer. For instance, the monolayer formation leads to a C/N ratio decrease,
from 37 to 19, due to the nitrogen in the pyrrole moiety. The theoretical value for the
C/N ratio in the monolayer should be 17, which is quite close to the obtained. The Si/O
ratio for the silicon wafer was 0.48 which practically coincides with the expected value
of 0.5, corresponding to the SiO, composition. Besides, this ratio increases to 0.56 on

the monolayer surface.

Table 11. Surface composition of the silicon wafer and the Py11Si SAM monolayer.

Si SAM
Cls 31.0 26.6
N 1s 0.8 1.4
O1s 46.2 46.1
Si2p 22.0 25.8
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XPS deconvolution analysis

The deconvolution analysis of C 1s peak in Figure 38 shows the three typical
components found in previous SAM analysis: at 288 eV for oxidised carbons (C.y), at
285.9 eV for carbons linked to nitrogen (C-N) and at 285 eV for the rest of carbons
which form the monolayer (C-C). The experimental ratio C-C/C-N was found to be 5.0,

which is in good agreement with the expected theoretical value, 4.7.

Intensity (A.U.)

T T T T T T T T T T
275 280 285 290 295 300
Binding Energy (eV)

Figure 38. C1s high resolution spectrum of the Py11Si SAM.

Table 12. Binding energies and quantitative analysis (%) of the C 1s chemical bond
corresponding to the Py11Si monolayer.

Py11Si
B.E. (eV) %
c-C 285.0 79.1%
C1s C-N 286.0 15.9%
Cox 288.0 5.0%

2.3.3.2 TOF-SIMS
TOF-SIMS analysis was performed on the bare substrate and on the SAM-modified

silicon wafer because in the XPS analysis was not possible to study accurately the

assembly between the silane and the silicon wafer. Since TOF-SIMS allows identifying
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the composition and the chemical status near the surface with high sensitivity, a deeper
study of the silicon environment was performed. A comparison between the SAM-

modified and unmodified silicon wafer surfaces can be observed in Figure 39.

In the positive detection mode spectrum the strongest intensity in the unmodified silicon
wafer corresponds to the Si* ion (m/z = 28). In contrast, the intensity of this signal
significantly decreases in the Py11Si SAM. A previous study of TOF-SIMS performed
on alkenes, alkynes and haloalkanes monolayers on silicon reported numerous
SiC4H," fragments and one of the most important feature in all the samples
corresponded to the SiCH3" ion (m/z = 43), confirming the self-assembly process.>®
This fragment was observed in our SAM-modified surface as well, but the most intense
signal was seen at m/z 73. The fragment can be assigned to the SiCsHy" ion, which is
a trimethylsilyl derivatives indicator. This ion might form from the fragmentation of the
dimetylsilane and the first of the methylene forming the spacer chain, which has been
recombined with hydrogen. For this reason, this ion is a good indicator of the
monolayer formation. Furthermore, this was supported by the intensities normalised
with respect to Si* of SiCH3;" and SiCsHo" (Table 13). Intensity differences between the

two surfaces can only be explained by the modification of the silicon wafer with a silane

group.
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Figure 39. Positive TOF-SIMS spectra of the silicon wafer (upper) and the Py11Si SAM
(lower) in the mass range m/z 0-100.
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Table 13. Relative intensities of SICH;" and SiC3H," signals on the silicon wafer and the

Py11Si SAM.
Intensity
Fragment m/z Si SAM
SiCH3" 43 0.88 2.02
SiCsHg" 73 0.21 4.36

In addition, Figure 40 shows the TOF-SIMS negative ion spectra of both surfaces. In
the silicon wafer the most intense fragments belong to O and OH" ions (m/z = 16 and
17) and the typical fragment for silicon wafers is assigned to the SiO," anion, at m/z 60.
In section 2.1.3.3, some fragments of the N-alkylpyrrole family were found to be
characteristics of the self-assembly between thiol and gold surfaces. In contrast to this
finding, no evidence of these ions was found on SAM-modified silicon wafers. The only
signal that may be due to a pyrrole derivative was seen at m/z 79, corresponding to the
CsHsN ion. Nevertheless, a considerable increase of intensity was found for C,H™ and

CN ions (m/z = 25 and 26), which can be attributed to pyrrole fragmentation.>”

175000 ] -
150000 | SN
125000 oW
100000 Ve
75000 - .
] SlO2
200007 CH CN N
g =] N .
5 0 il ST A O DY il | ‘ N -
[} r
O 175000
150000 ]
125000 o OH
100000 | A ;
75000 | CH -
50000 | \ »(/: N . CHN
] SIO2 \
25000
04 il ‘ 1, ‘m‘li T ‘l‘m L i‘[‘li Ll
0 20 40 60 80 100
m/z

Figure 40. Negative TOF-SIMS spectra of the silicon wafer (upper) and the Py11Si SAM
(lower) in the mass range m/z 0-100.

Thus, Table 14 provides C,H’, CN" and CsHsN' ions intensities normalized with respect
to SiO," to illustrate the presence of the pyrrole-terminated SAM. The differences found
in the three characteristic signals show a different composition in both surfaces.
Moreover, the sharp increase for the pyrrole-associated characteristic peaks indicates

the presence of pyrrole species due to the SAM formation.
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Table 14. Relative intensity of C,H, CN" and CsHsN signals on the silicon wafer and the
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Py11Si SAM.
Intensity
Fragment m/z Si SAM
CoH 25 0.38 5.55
CN’ 26 0.18 5.69
CsHsN- 79 0.02 1.07
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