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Abstract

Tailoring solid surfaces attracts a number of technological and scientific interest with
numerous applications. One method to modify a solid surface is via the formation of a
molecular film. The adsorbed molecules assemble spontaneously (self assemble) forming a
monolayer that is called self-assembled monolayer (SAM). When dissimilar molecules are
employed to form a SAM on a surface, separation into domains takes place, but the domain
shapes that have been reported vary from irregular patches with highly non-uniform size
distributions to disordered stripes or worm-like domains. It was postulated that the various
morphologies observed to date were due to kinetic trapping. The scope of this thesis was to
investigate the thermodynamic equilibrium for such monolayers. High quality one- and two-
component thiol SAMs on flat Au(111) was produced and studied. The thiols that were used
were Octanethiol (OT), 4-Cyano-1-butanethiol (CN4T), para-nitrothiophenol (NB4M) and 3-
mercaptopropionic acid (MPA). The SAMs were produced via solution immersion. XPS and
contact angle measurements verified the SAM formation. Cyclic voltammetry has been
employed for the reductive desorption of the bounded thiols. The reductive potentials of the
thiols have been measured at -0.97 V for OT, -0.79 V for CN4T, -0.75 V for the NB4M and -0.78
V for the MPA. The difference in the peak potentials facilitates our studying of binary SAMs by
this method. Binary SAMs of OT:CN4T, OT:NB4M and OT:MPA at different feed ratios was
produced via solution immersion. The surface composition of the OT:CN4T and OT:NB4M
binary SAMs was determined by XPS. The CV analysis of the binary SAMs showed two distinct
separated peaks at the reductive potentials of the two constituting thiols, which indicates the
existence of phase separated macro domains onto the Au(111) surface. A large series of one-
and two-component SAMs were thermally treated inside neat solvent at 60°C (annealing) for
various amounts of time. XPS and contact angle measurements verified that the annealing
process did not cause any alterations on the composition or the quality of the SAMs. Upon
annealing, the evolution of the binary SAM surfaces was found to lead to new nanoscale
thermodynamic phases as indicated by the voltammograms. The two-peak profiles that were
seen at the non-annealed binary SAMs changed to three-peak profiles, with the appearance of
a new peak at an intermediate potential. As the annealing time increased a single peak profile
was received. The one-peak CV profiles remained unaltered (one peak at an intermediate
potential) upon further annealing. The new phase is therefore the thermodynamically
equilibrium phase. The new equilibrium phase was identified by STM. The new phases were

found to depend on the choice of ligand and the composition. STM imaging elucidated further
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that the new phase can morphologically be stripes with an average width of ~3 nm for
annealed SAMs of OT:CN4T and OT:NB4M, prestripes for OT:NB4M binary SAMs with higher
OT concentration, while OT:CN4T at 20 days of annealing and OT:MPA 10:90 led to micellar
domains in the size range from 4 to 8 nm as the thermodynamic phase. The work presented in
this thesis has shown how the process of annealing leads to new thermodynamically
equilibrium phases in binary SAMs. Due to this process, nanostructured surfaces with a

variety of domains can be achieved in binary SAMs of thiols on flat Au(111) surfaces.

Keywords: Binary self-assembled monolayers, thiol, phase separation, electroreductive

desorption, STM

iv



Sommario

La possibilita di ingegnerizzare le superfici solide attrae I'interesse scientifico e tecnologico in
vista di numerose applicazioni. Un metodo per modificare le superfici solide e la formazione
di film molecolari. Le molecole adsorbite si assemblano spontaneamente (auto-assemblaggio)
formando un monostrato chiamato monostrato auto-assemblato (Self-Assembled Monolayer,
SAM). Quando molecole diverse sono utilizzate per formare un SAM su una superficie si
ottiene una separazione in domini, ma le forme riportate per i domini variano da macchie
irregolari con distribuzioni di taglia altamente non uniformi fino a strisce disordinate o
domini vermiformi. E stato postulato che le diverse morfologie osservato finora siano dovute
a trappole cinetiche, lo scopo di questa tesi era dunque quello di studiare I'equilibrio
termodinamico per questi monostrati. SAM di alta qualita composti da uno o due componenti
tiolati su oro piatto (Au(111)) sono stati prodotti e studiati. I tioli utilizzati sono ottantiolo
(OT), 4-Ciano-1-butantiolo (CN4T), para-nitrotiofenolo (NB4M) e acido 3-
mercaptopropionico. I SAM sono stati prodotti tramite immersione in soluzione. Misure di
XPS e di angolo di contatto confermano la formazione dei SAM. La voltammetria ciclica (CV) &
stata impiegata per il desorbimento riduttivo dei tioli legati. I potenziali riduttivi dei tioli sono
stati misurati a -0.97 V per OT, -0.79 V per CN4T, -0.75 V per NB4M e -0.78 V per MPA. La
differenza nei picchi del potenziale facilita il nostro studio dei SAM binari con questo metodo.
SAM binari di OT:CN4T, OT:NB4M e OT:MPA a diversi rapporti di concentrazione in soluzione
sono stati prodotti tramite immersione in soluzione. La composizione sulla superficie dei SAM
binari di OT:CN4T e OT:NB4M e stata determinata tramite XPS. L’analisi CV dei SAM binari
mostra due picchi distinti separati ai potenziali di riduzione dei due tioli costituenti, indicanti
la presenza di separazione di fase in macro domini sulla superficie Au(111). Un gran numero
di SAM ad uno o due componenti sono stati sottoposti a trattamento termico immergendoli in
solvente pulito a 60°C per diversi intervalli temporali (ricottura o annealing). Misure di XPS e
angolo di contatto dimostrano come il processo di ricottura non causi I'alterazione della
composizione o della qualita dei SAM. Durante la ricottura, I'’evoluzione delle superfici di SAM
binari porta alla comparsa di nuove fasi termodinamiche alla nanoscala, come indicato dai
voltammogrammi. I profili a due picchi misurati su SAM binari non ricotti diventano profili a
tre picchi, con la comparsa di un nuovo picco ad un potenziale intermedio. Aumentando il
tempo di ricottura sono stati ottenuti profili a picco singolo. I profili CV a picco singolo sono
rimasti inalterati (un picco a potenziale intermedio) anche applicando ulteriori processi di

ricottura. La nuova fase &€ dunque la fase di equilibrio termodinamico ed e stata identificata



tramite STM. Le nuove fasi si sono rivelate dipendenti dalla scelta dei leganti e dalla
composizione. Le immagini STM hanno rivelato come le nuove fasi possano essere,
morfologicamente, strisce con una larghezza media di ~3 nm in SAM di OT:CN4T e OT:NB4M
o prestrisce per SAM binari di OT:NB4M con concentrazione maggiore di OT, mentre OT:CN4T
dopo 20 giorni di ricottura e OT:MPA 10:90 portano a domini micellari con dimensioni
comprese tra 4 e 8 nm come fase termodinamica. Il lavoro presentato in questa tesi ha
mostrato come il processo di ricottura porti a nuove fasi all’equilibrio termodinamico in SAM
binari. Grazie a questo processo, superfici nanostrutturate con una varieta di domini possono

essere ottenute su SAM binari di tioli su superfici piatte di Au(111).

Parole chiave: Monostrati auto-assemblati binari, tiolo, separazione di fase, desorbimento

elettro-riduttivo, STM
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CHAPTER 1

1. Introduction

The boundary between two states of matter is called interface. A surface is established as a
solid-gas, solid-liquid or liquid-solid, liquid-gas interface. Surface science is devoted on the
study and engineering of these interfaces at macroscopic and/or microscopic level. Tailoring
solid surfaces attracts a huge technological and scientific interest with numerous applications
in wetting, electronics, catalysis, corrosion control, lubrication and others [1]-[6]. One
method to modify a solid surface is via the formation of a molecular film. The immense
interest in molecular-scale coating arises from the fact that is an immediate and simple
method to alter the physicochemical properties of a surface and tune its properties.
Functionalisation of a surface with a thin organic film can be achieved by the absorption of
molecules onto a solid. The molecules will assemble spontaneously (self assemble) forming a
monolayer that is called self-assembled monolayer (SAM)[7]. It is not possible to engineer
many interfacial properties with a single-molecule monolayer. Functionalisation of a surface
with a binary-component SAM (i.e. a SAM that is comprised of two molecules) will give rise to
groundbreaking contributions on new applications. When we have two dissimilar molecules,
considerations of conformational entropy lead to the formation of phase-separated domains.
A series of properties are believed to arise and depend on these nano-sized patterns. Patchy
surfaces are defined here as surfaces processing domains that are chemically or physically

different from the surrounding.

This thesis deals with the basic science of SAMs composed of binary mixtures of molecules on
flat surfaces. It is a morphological study on the key parameters that determine the kinetically
trapped morphologies. The link between surface morphologies and ligand length mismatch is
also investigated. The main research question of this thesis is whether a new phase is
achieved under thermal treatment in solvent (annealing) and what are the equilibrium
patterns that are achieved. Sound characterisation approaches are employed for the

investigation of the surface composition, surface morphologies and stability of SAM.



Thesis Outline.

This thesis is structured as follows:

Chapter 2, Introduces the reader to self-assembly, one-component SAMs and the basics
of thiols SAMs on gold. The second part focuses on phase separation in binary systems,
previous experimental and theoretical work on binary SAMs of thiols on gold. The last
part is a description of the surface analysis techniques that have been employed.
Chapter 3, contains the experimental procedure, details about the synthesis, analytical
methods description and methods validity with examples.

Chapter 4, presents the results on the binary SAMs. A discussion about the annealing
process that does not have a negative result on the SAM but it allows it to reach
equilibrium that is easily and quickly identified with cyclic voltammetry. The chapter
finishes with the STM images of this new phase that the annealing led to.

Chapter 5, contains the final conclusion from the studies on binary SAMs and the
outlook

Appendix A contains the reagents and materials, experimental procedure and
supplementary material.

Appendix B contains additional STM images.

Appendix C contains all the voltammograms of all the surfaces/samples.



CHAPTER 2

2. Self-assembled monolayers

2.1. Self-Assembly

Self-assembly is defined as the spontaneous association of disordered “building blocks” into
defined 2- or 3-dimensional geometries. The components can be molecules, particles or even
planetary bodies. Since the middle of 1980s, research in self-assembly has been
insuppressibly leaping forward. Self-assembly is a strategy that can be applied at all scales.
But it originated from organic chemistry and molecular studies. Self-assembly epitomizes the
interplay between enthalpy and entropy, where order emerges from disorder using energy to
compensate reduction in entropy[8]. Self-assembly is an effective approach that has the

potential of producing novel materials with tuned properties and specific patterns.

Molecular self-assembly is a thermodynamics process where the molecules and the self-
assembled domains are in equilibrium. Self-organization differs to self-assembly in terms that
it requires a situation far away from thermodynamic equilibrium with external forces acting
on it. A leading example is pattern formation in reaction-diffusion systems, by Turing[9], [10].
Whitesides et al.. managed to comprehensively explain the concept of self-assembly and even

categorise its types at their publication “Self-Assembly at All Scales”[11].

Self-assembly of amphiphilic molecules leads to a variety of structures. Strong hydrophobic
attraction promotes the organisation into spherical, rod-like micelles, bilayered membranes
and other continuous structures. The covalent bonds between immiscible blocks in block
copolymers leads to micro-phase separation. A variety of patterns in the bulk is achieved by
controlling the composition of the two blocks and the temperature[12]. Self-assembly is
responsible for nature’s ability to construct large complex structures with biological
functionality. The covalent or ionic bonds between the building blocks as well as, interactions
like van der Waals, London, m-nt and hydrogen bond play an important role in self-assembly
[13]. In nature, a protein takes part in essentially every structure and activity of life. Proteins
have a unique signature that derives from their primary, secondary, tertiary, and quaternary
structures. Intensive studies are trying to shed light on the properties that are attributed to

the surface of the proteins that is composed of hydro-philic,-phobic patches/areas. One very
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interesting finding was that the proteins’ ability to form patterns and self-assemble is
allowing them to identify and communicate information in their environment. Research on
nanomaterials with amphiphilic surface can assist in understanding the connection between

surface composition and properties[14][15].

2.2. Organic self-assembled monolayers

Self-assembled monolayers (SAMs) are molecular assemblies formed spontaneously on
surfaces by adsorption and are organized into domains. The essential component of SAM
(called ligands) consists of: the anchoring-head group, which attaches the molecules to the
surface, the functional group, which defines the state of functionalization of the new outer
surface and the spacer chain, which via Van der Waals’ interactions, provides an additional

driving force for the adsorption reaction, that creates a certain degree of order in the system

2.2.1 One-component thiol SAMs on Au

The purpose of this sub-chapter is to introduce the reader to the basics of thiols SAMs on gold.
The work that is being done on single-component SAMs leads to a level of understanding that
is, in most of the cases, clear and remarkable. A plethora of new mechanisms, models and

applications for single SAMs is constantly proposed by researchers.

The most studied and known SAM is monolayers of an alkanethiol on Au(111). The thiol
group bonds almost covalently with the gold atoms (bond energy ~50 kcal/mol). The steps of
the SAM formation are physisorption via solution immersion or vapors, chemisorption of the
thiol and the formation of bond. As the binding sites decrease the density of the monolayer
increases and the thiols transit form the ordered lying-down phase to the stand-up phase. The

phases are shown at Figure 1.



Figure 1. Scheme of the different steps during the self-assembly of alkanethiol on Au(111). Physisorption(top),

chemisorption, lying down phase formation, nucleation of the standing up phase, completion of the standing up phase.

The transition to the fully ordered crystalline condition depends on the substrate, chain
defects, terminal group and the chain-chain interactions. The van der Waals interactions are
the reason why longer alkanethiols will form crystalline phases at lower times[16]. Increase
in temperature can also speed up the transition to the ordered phase, provided that thermal
decomposition does not occur. Thermal decomposition of a alkanethiol SAM has been
reported to happen at 170-230° C [17]. The reaction of Au with a thiol is not fully understood,
but it is believed that it occurs via oxidative addition, followed by reductive elimination of 1/2
H». The fate of the hydrogen is also a matter of controversy, but recent studies on aromatic
nitro-containing thiols showed partial reduction of the nitro terminal group into amine. The
released hydrogen from the formation of Au-S bond on the surface environment is believed to
be the reason for the reduction[18]. As mentioned before, the monolayer undergoes a two-
step growth process. The sites that the ligands will prefer to attach are the defective and
exposed sites (i.e. the step edges). The islands of lying-down ligands are formed and increase
in density leads to the stand-up phase. A TOF-DRS study on the H signal from a methyl-
terminated thiol has shown the two steps (Figure 2). The first plateau pin-points the
completion of the lying-down phase, as the exposure increases the stand-up phase is achieved.
The second plateau is at the most dense phase that all molecules are upright and the surface

coverage is 6~1/3[19].
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Figure 2. Hydrogen DRS intensity from Au(111) versus exposure to hexanethiol in UHV. The lying-down and stand-up

phases are at the two plateaus. Reproduced with permission from [19].

Initially it was believed that the thiol can bind in Aulll at three possible sites. The energy
minima at the Au(111) hollow sites, renders it the site of selection for the absorption. One
thiol occupying every sixth hollow site results in a v3xv3R300lattice[20]. Further studies
showed that four molecules in two indistinguishable pairs resulting in a rectangular
unitmesh. The notation of the new super lattice was c(4x2). Recent studies have shown that
the surface undergoes reconstruction during the SAM formation. The reconstruction includes
vacancy formation and adatoms of gold. The most recent proposed model are shown at Figure
3.Two independent studies using S2p photoelectron diffraction and S1s NIXSW concluded
that the S atom occupies the a-top site. A NEXAFS study came later to lead to the same
conclusion[21][22][23].

Au-adatom-thiolate

Au-adatom-dithiolate bridging thiolate

side view
Figure 3. On the left is shown the Au-adatom-dithiolate model in which two thiolate species lie on either side of a
bridge-bonded Au adatom with the S atoms in near-atop sites relative to the underlying Au(1 1 1) surface. On the right
is shown the Au-adatom-thiolate model in which the thiolate lies atop an Au adatom which occupies a bulk-
continuation fcc hollow site. In the centre is the simple bridging thiolate that has been proposed to coexist on the

surface with the Au-adatom-dithiolate species. With permission from [22].

The ongoing research will prove, enrich or disprove the new models. Until then it is accepted
that for short thiols the presence of adatoms is evident and plays crucial role in the SAM

formation process. The surface complexes RS-Au.d-SR are not only present on flat surfaces but
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they have been identified on gold nanoparticles[24]. The RS-Au.q-SR moieties are also
assumed to be present in long thiol SAMs. The bridge-bonded model is also expected to be

generated during SAM formation[25], [26].

Initial reports on small carboxyl-terminated thiols showed a variety of structures (3x3),
2v/3x2+/3R30°, p x+/3 and p x2+/3. Rigorous research has proven that single-component SAMs
of ligands that bare a carboxyl terminal group form the v3xv3R30° and the c(4x2) lattices
like the methyl-terminated thiols. Azzaroni et al. provided the verification employing STM
and electrodesorption analysis on mercaptoundecanoic acid (MUA) and mercaptopropionic
acid (MPA) [27]. Sawaguchi et al. showed the packing arrangements of MPA on a (3x3)
structure that is close to the v/3xv3R30° with every three MPA molecules snuggled up in a
triangle position[28]. Last but not least, Stellacci et al,, using STM in air showed that the
v/3xV3R30° structure featuring a c(4x2) supperlattice is received in MPA SAMs. Figure 4
[29].

Figure 4. Different contrasts for the molecules in the c(4x2) structure have been observed at different locations on a
MPA SAM: The two polymorphs are shown at (a) and (b). (a): B-contrast and (b): {-contrast (Vb=500-700 mV, It =500
DPA.) . Reproduced from [29].

Nitro aromatic single SAMs have been studied mainly due to the fact that the nitro group may
reduce to an amino group as has been already mentioned in this chapter. Either on gold or
silver the aromatic nitro-containing thiols can be reduced partially to amino terminated thiols
or dimerize or crosslink. Electrochemically, chemically, using low energy electrons or during
SERS/TERS the nitro group can be reduced and the gold might catalyze the
transformation[30]-[36].

11



Cyano-terminated single-component SAMs have not been reported despite the importance

and the agility that a cyano group can offer in terms of properties and further chemical

reactions.

2.2.2 Phase separation in binary systems

From a thermodynamic point of view, the molecular phase separation is the result of the
competition between enthalpic energy gain and the entropy of mixing, favoring the random
distribution. Phase separation occurs only if the enthalpy of mixing exceeds the entropy of
mixing. The energy gain dictates the degree of phase separation i.e. small or large areas of a
single-component phase. In a binary system, for the two phases to equilibrate the enthalpy of
mixing has to overcome the entropy of mixing. The free energy of mixing is presented at
Figure 5. The Ca and Cb wells correspond to a phase of only ligand-a and only ligand-b,
respectively. When the average SAM composition is between the Ca and Cb then the

monolayer phase separates in order to reduce the free energy[37].
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Figure 5. The free energy of mixing for a monolayer composed of two molecular species, A and B. The pair has a large
enthalpy of mixing, so that the free energy of mixing has two wells at Ca and Cb , corresponding to two phases.
Reproduced from [37].

Block copolymers are binary systems that undergo micro-phase separation and their two
components self-assemble into a variety of nanoscale morphologies. The self-assembly
process is driven by an unfavorable mixing enthalpy and a small mixing entropy, while the

covalent bond connecting the blocks prevents macroscopic phase separation.

A polymer blend, during mixing can phase separate or lead to a homogenous mixture. The

Flory-Huggins equation for a blend of two polymers PA and PB is given below:
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AGix = AHpix — TASpix (eq2.1)

If the Gibb’s free energy is negative then the blend is homogenously miscible. The TAS,,;, is
always positive. If the entropic contribution of free energy surpasses the enthalpic
contribution (AH,,;;, < TAS,,i,) then a single phase is received. A similar (mean free)

approach by Flory and Huggins, that considers that the volume does not change, is given by:

AHmix = fAfBXAB (eq 2'2)

The occupied volume fractions of PA and PB are the fA and fB. x is an interaction parameter
that specifies the degree of incompatibility between the PA and PB, temperature is

implemented in this parameter.

eq 2.3
XaB = k_ (Wap — 0.5(Wag — Wpp)) (eq )
BT

Z is the nearest neighbor contacts, and wxx are the interaction energies between monomers.

The entropy of mixing si given by:

2.4
Sy = —k (1{,—“ Inf, + I{I—Blnfg) (eq2.4)
A B

where Nx is the degree of polymerization of the two polymers. From the equations 6.1 and 6.4

we arrive to the expression of the mixing behavior of blends[38].

AGpix fa f5 (eq 2.5)
KBT Xfafs + N, Inf, + N, Infg

Block copolymers are a polymer category. They consist of different long macromolecules. The
prefix (di-, tri-, multi- etc.) added corresponds to the number of macromolecular chains
(blocks). The correct nomenclature for block copolymers is: “polyA-block-polyB”. Many
different molecular structures of block copolymers can be synthesized by anionic

polymerization. Linear AB block copolymers are the simplest block copolymer structures

13



where blocks of different chemical structures are linked together in line, when more than two
dissimilar blocks are bind through a common junction point more complicated structures are
received[39]. Most block copolymers have an ordered equilibrium microdomain structure.
The phase behavior of diblock copolymers has been the subject of numerous theoretical and
experimental studies over recent decades, and is relatively well understood[40], [41]. This
self-assembly process is driven by an unfavorable mixing enthalpy and a small mixing
entropy, while the covalent bond connecting the blocks prevents macroscopic phase
separation[42][43].Since the first synthesis block copolymers have been intensively
investigated[44]. They are widely used and their study allowed for (i) a deeper understanding
of phase-separation, (ii) a revisit of the physical understanding of a phase, (iii) a revisit of the
concept of hierarchical assembly and (iv) the development of the concept of directed

assembly[45].

As we mentioned earlier, in the bulk, block copolymers with immiscible blocks can self-
assemble into a variety of ordered nanoscale morphologies with a tremendous scientific and
technological impact. The microphase separation of diblock copolymers depends on three
parameters: (i) the volume fractions of the A and B blocks (fA and fB,), (ii) the total degree of
polymerization (N = NA + NB), and (iii) the Flory-Huggins parameter (xAB) which specifies
the degree of incompatibility between the A and B blocks, which drives the phase separation.
Temperature is implemented in this parameter[46], [47]. The representation of the most

distinct morphologies in di-block copolymers in the bulk is provided at Figure 6.
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Figure 6. (a) Equilibrium morphologies of AB diblock copolymers in bulk: S and S’= body-centered-cubic spheres, C and
C’= hexagonally packed cylinders, G and G’= bicontinuous gyroids, and L = lamellae. (b) Theoretical phase diagram of
AB diblocks predicted by the self-consistent mean-field theory, depending on volume fraction (f) of the blocks and the
segregation parameter, CPS and CPS’= closely packed spheres. (c) Experimental phase portrait of polyisoprene-block-
polystyrene copolymers, in which fA represents the volume fraction of polyisoprene, PL = perforated lamellae.

Reproduced from [46].

The block copolymer system that has been described above is one of the binary systems in
which self-assembly is dictating the formation of defined geometries. Self-assembly has also
been proven to be the morphology-defining factor in systems such as proteins’ quaternary
structure, liquid crystals and lipid aggregates. Equivalently, separation into domains takes

place spontaneously in the case of binary SAMs on solid surfaces.

2.2.3 Binary thiol SAMs on Au(111)

The level of understanding of and control over single component SAMs is, in most of the cases,
clear and remarkable. However a binary SAM will provide an inhomogeneous coating. When
dissimilar molecules are employed to form a SAM on a surface, separation into domains takes
place spontaneously, but the domain shapes that have been reported vary from irregular
patches with highly non-uniform size distributions to disordered micellar or worm-like
domains. Therefore, as soon as mixtures of different molecules are used to coat surfaces, most

of the control we had on single components SAMs is lost.
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The purpose of this sub-chapter is to present all the studies on binary SAMs on gold. The
phase separation and the domain shape and sizes that have been identified at various pairs of

thiols are discussed and STM images are supplied.

The main characteristic of phase separated SAMs is the observation of patchy domains. Jeong
Sook Ha et. al. showed that patchy domains of 40 nm?2 are received in the case of
Octanethiol(OT):Dodecanethiol(C12) SAMs on Au(111), at various molar ratios of the thiols

in the solution via solution co-absorption at room temperature (Figure 7)[48].

3-8 B-15

Domain size (nm’)

Figure 7. STM images taken from the binary SAM of OT:C12 on Au(111) surface with variation of mole fraction of OT in
solution: (a) 0.15; (b) 0.55; (c) 0.85; (d) domain size distribution of the minor-component on each binary mixed SAM
surfaces. Reproduced from [48].

Binary SAMs with an aliphatic and an aromatic thiol have also been studied in regards of
phase separation and resulting surface morphologies. Gaby Avila-Bront et. al. via STM have
shown patches on a OT:biphenyl-4-thiol SAM. The OT was initially deposited via vapor
deposition. The second step involved the immersion of the OT SAM in a solution of the
biphenyl-4-thiol. The place exchange reaction of these thiols that have different molecular

lengths, lead to phase separation and the clear identification of disordered patches

surrounding flat patches (Figure 8) [49].
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Figure 8. OT monolayer immersed in 100 uM BPT solution for 20 minutes. Areas of disorder surround flat domains.

Images of different areas of the same surface. Reproduced from [49].

Bjorn Lussem et. al. have shown that patchy domains and isolated ligands are received via
solution immersion of a C12 preformed SAM in a 4-methyl-1,1’-biphenyl-4-butane solution.
The patches of the later introduced thiol result because of its insertion at defect sites on the

C12 SAM. Isolated molecules are inserted at C12 domains (Figure 9) [50].

B8Snm 0 Ta8nm
0 682nm
4250m
283nm

0 173nm 142nm

).000nm D00nm

Figure 9. STM scans {(a) 100 x 100 nm2 and (b) 30 x 30 nm2}of a C12:BP4 SAM. The film shows separate BP4 and C12
domains. Higher appearing domains consist of BP4. In the higher-resolution scan, the c(4 x 2) structure of C12 is visible
(white arrows in b). Black arrows mark the nucleation of BP4 domains at C12 domain boundaries, and the white

arrows in part a mark the nucleation of BP4 domains at holes in the gold surface. Reproduced from [50].

H.Yamada et al., using a Kelvin probe force microscope combined with the non-contact atomic
force microscope reported that patchy domains are received on binary C12:C8 and C12:C14
SAMs. The procedure involved the thermal treatment of the pre-formed singe-component
SAM, in order to introduce defects, and the addition of the second thiol. The length mismatch

and the procedure are the main factors of the patchy morphologies [51].

Binary SAMs that include one or both thiols with a heteroatom (O or N) either at the spacer or
at the terminal group also phase separate. Rafael Maduefio et al. analysed binary SAMs of 1-
decanethiol and 11-mercaptoundecanoic acid, using cyclic voltammetry, electrochemical

impedance spectroscopy and infrared reflection-absorption spectroscopy. He reported that,
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according to the intermolecular interactions, the two possible surface morphologies that the
SAM can have are small nanodomains (patches) or a molecularly mixed monolayer (Figure

10) [52].
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Figure 10. Homogeneously MUA:DT Mixed SAMs Composed by segregated nanodomains (Lower Depicted Figures) and
molecularly distributed (Upper Depicted Figures) Arrangements at Different MUA Surface Compositions, XMUA: (a)
0.25, (b) 0.84, (c) 0.23, and (d) 0.8. Reproduced from [52].

Kakiuchi et. al. scanned with STM binary SAMs of C11:MUA and C16:MPA thiol pairs. The
images revealed macroscopically homogenous mixed phase with maybe 10 molecules
segregation in the case of C11:MUA and macroscopically phase-separated domains in the case

of C16:MPA SAMs Figure 10 [53], [54].
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Figure 11. STM images of C11 monolayer (a and b) and mixed monolayer of MUA and C11 (c and d). Height profile (e) is
from Figure 4d. Bias voltage was 1.5 V. Setpoint was 11 pA. Reproduced from [53].

A combination of a long alkanethiol with a short carboxyl-terminated thiol, as the ligands of
the binary SAM always results in patches. S. Kuwabata et al. showed the distinct patchy
domains via STM imaging of MPA with C8 or C10 or C12 binary SAMs. The mole fraction and

the length mismatch are the conclusive factors of the phase separation into patches. The STM

images have been taken after the MPA was selectively desorbed (Figure 12) [55].
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Figure 12. STM images of OT-MPA Au electrode surfaces in 80 nm squares taken after subjecting the electrode to
selective desorption of MPA by polarizing at -0.60 V vs. Ag AgCl in 0.5 mol dm-3 KOH. The electrodes were prepared
from immersion baths contain- ing 1 mmol dm-3 MPA and (a) 0.1, (b) 0.2, and (c) 0.3 mmol dm-3 OT. Cross-sectional
profile (d) along the line drawn on the STM image (a). Reproduced from [37].

Graham J. Leggett et al. has shown that the presence of a terminal group (hydroxyl group) can
also lead to phase separation. The binary SAM that comprises of C12 and mercaptoundecanol
(same molecular length) was characterized by friction force microscopy and chemical force
microscopy. The results indicated the presence of small (approx. 15 nm?) phase separated
domains[56]. Binary SAMs formed by solution co-absorption of C18 with 16-
mercaptohexadecanoic acid or MUA also phase separate into domains. Holger Schonherr et
al. published an AFM study that showed the patchy domains of the C18:MUA binary SAM and
the C18:16-mercaptohexadecanoic acid SAM that did not segregate laterally down to a length
scale of 8-10 nm. As reported: the patchy domains are the result of the phase separation on a
SAM, where the ligand terminal group differs and the molecular length of the thiol pair is

greater that 3 carbon atoms [57].
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Figure 13. Friction force AFM images of C18/MHDA on TSG. Micropatterns with (a) MHDA in the circular areas, (b) C18
SAM, (c) binary SAM with an xC18 of 0.5, (d) binary SAM with an xC18 of 0.2, (e) MHDA SAM, and (f) binary C18/MUDA
SAM (1:1 molar ratio) on TSG. The phase patches have apparent sizes of 10-30 nm. Reproduced from [57].

With the proposal of 3 possible mechanisms on domain formation in binary SAMs, P.S. Weiss
et. al. has shown the large patches that are received in the case of two thiols that have similar
lengths, they are not both alkanethiols and they do not form hydrogen bonds. The thiol pair
that was reported was comprised of C16 and CH302C(CHz)15SH (Figure 14) [58].

Figure 14. STM of a 440x410 AZ? area of a SAM with 25% C16 and 75% CH302C(CHz)1sSH. The regions that appear higher
in the image are CH302C(CHz)15sSH domains and the lower regions are C16 domains. Reproduced from [58].

Hydrogen bonds and van der Walls interactions between the ligands of a monolayer are
considered as one of the definite factors that will result in phase separation. These
interactions affect the domains’ size, shape and stability. As shown by Weiss et al, co-
absorption via solution immersion of alkanethiols with amide containing thiols lead to highly

ordered patchy morphologies (Figure 15) [59], [60].
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Figure 15. STM image of a 300 A x 300 A area of a phase-separated SAM formed by coadsorption from an equimolar
solution of 1ATC9 and C10(1mM in total thiol). The image was recorded at a sample bias of +1.0 V and a tunneling
current of 1.0 pA. Topographically higher regions correspond to the brighter areas. Reproduced from [60)].

The progression of domains from micellar to patches and worm-like are reported by D.M.
Ratner et. al. with regard to ligand ratio and time. The binary SAMs of oligo ethylene glycol & 2
different oligo ethylene glycol thiolated glycans phase separate in both cases, and they evolve

with time (Figure 16) [61].
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Figure 16. Time-course topographic AFM analysis of mixed SAMs on ultraflat gold. ‘Low’ sugar SAMs were prepared
using a 2:3 molar ratio of sugar (3) to OEG (2), while ‘high’ sugar SAMs were prepared using a 4:1 sugar:0EG molar

ratio. The surface topography exhibits time-dependent clustering behavior. Scale bar = 100 nm. Reproduced from [61].

Micellar domains due to phase separation have also been reported in binary SAMs formed via
solution co-absorption. Various pairs of thiols such as: C18 : 4-amintothiophenol by Curtis
Shannon et. al. [62]. C4 : C18 (at multiple ratios) by Masahiko Hara et. al. [63] and C8 : C18 or
C16 or C14 or C12 (Figure 17) by Shaoyi Jiang et al. [64].
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Figure 17. (a) STM image of mixed SAMs of C8/C12 formed at 50 °C, showing the random distribution of C12 in the
mixed SAMs. White spots are long chains of C12 while the background is composed of short chains of C8 with a sqrt3
xsqrt3 lattice. The ratio of C8 to C12 is about 8.5:1 at the center of the Au(111) terrace while it was 7:1 in solution. (b)
STM image of mixed SAMs of C8/C12 formed at room temperature. The ratio of C8 to C12 was 7:1 in solution. Pits in the
SAMs are defects of SAMs. The circles indicate clusters of C12. The dimension of the images is 20 nm x 20 nm.
Reproduced from [64].

The conclusion from reviewing the morphological reports on binary SAMs are presented
below:
= Despite the vast literature concerning the binary SAMs on flat Au(111) the details of
how the separation proceeds and what equilibrium phase might form are still not well
understood.
= The final composition of the film depends on many factors including the solubility of
the thiols, the surface diffusion, and the exchange of adsorbates with solution.
= The substrate plays important role on whether phase separation will occur.
= The patches are mainly received if temperature is applied and the thiols have different
lengths. Although, phase separation in same length thiols has been reported.

= Co-absorption via solution immersion is adequate to result in phase separation.

As mentioned before binary SAMs of C12:C18 and C12:C22 resulted in phase separation and
the energy gain due to the van der Waals interactions by the hydrocarbon chains were more
than sufficient to drive the system to phase separate. The majority of the reported binary
SAMs are probably in a metastable, kinetically trapped state that by thermodynamics has to
phase separate. Slow diffusion and/or intra-molecular interactions are believed to be the

suspects of the hindrance of thermodynamic equilibration.

Alkanethiol molecules form strong bonds to gold surface. For a ligand to diffuse on a plane via
hopping can be evaluated from the mean square of travelling distance divided by 4t
(travelling time). D = (x2)/4t. The diffusivity of different alkanethiols on gold has been

estimated to be:
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= 1018 cm?/s at 60° C for C11:MUA SAM in water[65].

* 1017 cm?/s for C15:C15-COOCH3 SAM[58].

= 3+2x1017 cm?/s for C12 SAM[66].
Increasing the temperature during the incubation or introducing an annealing step is capable
of by increasing these estimated values. The quality of the substrate and the number of etch-

pits also plays a role on the diffusion.

When a surface is immersed in a solution that contains one ligand the physiroption and
chemisorption will lead to the formation of a monolayer. When the SAM is formed, the
connection between the surface and the ligand tank is broken. In the case of a binary SAM the
solution contains two types of ligands. If the surface will not be removed then a single phase
SAM will be produced due to ligand exchange form the available reservoir i.e. the ligands in
the solution. That is the main reason why the incubation time is crucial and should not be
altered if we want to have control over the surface composition by controlling the solution
ratio. Annealing the surface in the absence of other ligands can promote the diffusion and

desorption-reabsorption but the amount of ligands remains constant.

2.2.4 Simulations on binary-component SAMs

Numerous theoretical studies cope with molecular self-assembly and phase separation in
binary SAMs. They present the most important factors that will lead to various types (in terms
of shape and size) of surface domains. In that way, the experimentalist is equipped with a

powerful tool on producing a patterned surface.

The well-established theoretical studies by Glotzer et al. on binary SAMs onto flat,
nanospherical and nanocylindrical surfaces has shown that an entropic force due to the
difference on the molecular length and the terminal group of two dissimilar ligands lead to
phase separation and the formation of micellar domains, patchy domains and stripes. Chetana
Singh from Glotzer’s group has applied the DPD simulations on SAMs onto flat surfaces. She
studied in depth the patterns received in terms of surface composition and density,

immiscibility and physicochemical properties of the ligands.

The dissipative particle dynamics (DPD) is a particle-based method. An atom or atoms is

considered a single particle that is referred as bead. They calculate the movement of the beads
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at different time instances (time-steps). The change in the position of a bead is given after
calculating the net force on the bead due to neighbor beads and solving Newton’s equations of
motion. The molecule that is modeled as a collection of beads attached by springs is
constrained to move in the 2-dimensional surface using constrained dynamics. The final
position of the beads is given after the estimated constrain force is applied on the initially
unrestricted bead that was assuming its position as described before. In DPD the interatomic
forces are replace by net forces acting on the beads. For every bead i, the total force Fi is given
by equation 1.1. We notice that Fi is the sum of the conservative (f¢), dissipative (f°) and
random (fR) forces between the bead i and the neighbor bead j. The equations of f¢, f> and R

are given by equations 1.2, 1.3 and 1.4.

Fi= Z[fc(ri,-) + £ (15, vi) + £ (ry)] (eq 2.6)
JE]
(A=) Ty <7 (eq2.7)
fC(r,-,-) = {al( Or])r, rij- > rz “
fP(rijvy) = —yw® (ry) (v - )7y (eq 2.8)
fR(r,-j) = O-NwR(rij)gjif'ij (eq 29)

A brief explanation on the forces is essential to describe their role and importance in the DPD
simulation. The conservative force (f¢) is the pair potential for bead i and j.7; and r; are the

position vectors of bead i and j. Where r;; = r; — 1;, #;; is the unit vector in the 7;; direction

and r¢ is the distance of the beads at which f¢=0. The velocity of the beads does not affect the
f¢, only the relative positions of the beads i and j does. a;; is a parameter of interaction. The
interaction parameter consists of two parts: «, that is independent of the types of interacting
beads and Aa (=repuslion parameter) that is depended. A large Aa indicates strong repulsion
between two beads. Beads of two differnet ligands have larder Aa than the beads of the same
ligand. The f¢ is a repulsive only force and because is finite even forr; = 0 is allowing the
beads to be able to diffuse into each other. Due to the two aforementioned characteristics of f¢

the size of the time step is significantly improved.
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The dissipative force (fP) is the frictional force on a bead i because of another bead j. The
velocity and the position of the beads are affecting the fP. The degree of the frictional force
between the beads is controlled by coefficient y. w? (rij) is a weight function that describes

how the friction coefficient varies according to bead distance.

The random force (f®) is applied to conserve momentum and temperature. It can be
considered as a simulation of the effect of collisions of the beads with the solvent. gy is the

degree of the pairwise fR of the beads and is related to the temperature. ¢;; is a random
variable with uniform distribution. w®(r;;) is linked to w?(r;;) as such: w?(r;;) = [wR(1;)]"

The fP and fR conserve momentum and thermodynamics [67].

The results of DPD simulations on the phase separation on binary SAMs are reported below.
SAMs of an equal number of two ligands that are immiscible and have different molecular
lengths phase separate into stripes. Complete phase segregation is not received due to
entropic factors. Thermodynamics dictate that a binary system will phase segregate if its two
components are incompatible. By minimising the interface of the two components the overall
free energy of the system is achieved. The simulation snapshots at Figure 18 are showing the
complete phase segregation that is received when two ligands of the same length are trying to
occupy an area. @ is the asymmetry fraction i.e. the surface composition. The long ligand is
colored yellow and the short ligand is colored as red. If (=1 then the SAM is single-component
SAM comprised only of the long ligand. If ¢=0 the SAM is comprised only of the short ligand.

The length difference will be mentioned in terms of number of beads difference.

Figure 18.Simulation snapshots of phase separation in symmetric (¢ = 0.5) mixture at surface density of r = 4.0 of
immiscible (Aa = 15) surfactants. The surfactants have the same molecular length. The number in the top right corner

is the time step at which the snapshot was taken, where K refers to thousands and M to millions of time steps[68].

Phase segregation under the aforementioned conditions is inevitable unless there is a
symmetry-breaking parameter such as an external field[67] and/or chemical bond[69][70]
and/or anisotropic surface stress[71]. Glotzer theory proposes that a symmetry-breaking
parameter in the SAMs onto surfaces is the length mismatch and the bulkiness difference. In a

monolayer that has one long (or bulkier) and one short ligand the first will place itself next to
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the short ligand gaining free volume and an entropic freedom. The length of the interface is
increased (microphase separation) and it is energetically costly but it is hypothesised that the
entropic gain might outweight that energetic cost. Chetana S. applied the DPD simulations to
study if the conformational entropy of the long ligand will lead to domain formation[68]. Her
research on the patterns that can be received in terms of surface composition and density,
immiscibility and physicochemical properties of the ligands yielded results that our group has

experimentally supported.

The progression of phase separation in time is shown at Figure 19. The SAM is comprised of a
short (4 beads) ligand and a long (9 beads) one. All simulation that are at 1:1 surface ratio and
involve ligands that have five or more beads length mismatch reach the equilibrium phase of
stripes. As previously discussed, the length mismatch and the progression of time leads to the
increase of the interface between the two ligands as compared to phase segregated SAM in

figure $.

Figure 19.Simulation snapshots of phase separation in symmetric mixture at surface density of r = 4.0 of immiscible (Aa

= 15) surfactants with lengths 4 beads (red) and 9 beads (yellow).

A collection of results at different asymmetry fractions ¢ and at different lengths of the two
ligands is presented at Figure 20. Examining these snapshots it is obvious that for a length
difference of less than 3 beads we have complete phase segregation at all ¢ values. For length
mismatch of equal or larger than 3 beads and for ¢<0.5 micellar domains are received at
equilibrium. For a length difference between 3 and 5 beads stripes are received while patches
are formed for all larger values of . micelles are entropically preferred over stripes for highly
asymmetric mixtures with a majority of long surfactants. When Dl is large (> 4 beads), the
gain in conformational entropy for long surfactants by forming patches is large. However
when DI is just sufficient for microphase separation (2 < DI < 5), the conformational entropy
gain for the long surfactants by forming micelles is small and stripes are energetically and

entropically favored.
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Figure 20. A. to H.: Equilibrium patterns formed at different ¢ of surfactants with increasing length differences. The
numbers at the right are the beads number of the short _ long ligand[68].

Finally, having established the meaning of repuslion parameter Aa at the beginning of 2.2.4,
Figure 21 presents the pattern formation according to the surface composition and at

different Aa values.

Figure 21.Simulation snapshots of microphase separation in binary SAMs of 4 bead (red) and 13 bead (yellow) ligands.
The fraction of long surfactants is increasing ¢ = 0.17, 0.20, 0.25, 0.33, 0.50, 0.67, 0.75, 0.80, 0.83 (from left to right).
The repulsion parameter is increasing fromAto D (A.Aa =5; B. Aa = 10; C. Aa = 15; D. Aax = 20[68].

The results of the DPD simulations presented at chapter 2.2.4 indicate that:
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» The length difference of the ligands and/or the difference in the terminal group leads
to microphase separation and domain formation due to entropic factors.

» Kinetically arrested patches are frequently obtained in binary SAMs on flat surfaces.
High surface coverage, lack of curvature and small ligand length mismatch are the
main reasons for the patches formation.

= A 1:1 surface ratio of dissimilar ligands with sufficient length mismatch and given
sufficient time, the patches are kinetically arrested but they will evolve to stripes.

= At different surface compositions either ordered micelles or stripes are formed
depending on the fraction ¢ and number of beads difference (length mismatch).

» The domain shapes that have been reported in STM studies on binary SAMs on flat
surface vary from irregular patches to disordered stripes or worm-like domains.
Additionally, all prior studies are inconclusive about the equilibrium structures in
phase separated SAMs. Slow dynamics compound the problem, often obscuring the

thermodynamically preferred phase.

Other theoreticians have also studied phase separation in binary monolayers. The majority of
the publications use Monte-Carlo (MC) methods. The conclusion is that phase separation
takes place and domains are formed. In particular, Aoki et al. uses simulations backed-up by
cyclic voltammetry analysis by Hobara et al.[72]. As it is discussed in-depth in this thesis, an
intermediate peak during the reductive desorption of the thiols of a binary SAM indicates a
mixed phase or the existence of small domains that changes the behavior of its components
during desorption. The MC simulations show phase separation that leads to large and small
areas/patches of the two components of the SAM[73]. Tokumoto H. et al. showed the stripes
that can be formed when the system reaches thermal equilibrium. The symmetric mixture of
initially perfectly mixed components is arranged on a flat triangular lattice surface[74]. Shaoyi
Jiang et al. focused on how length mismatch affects phase separation[75]. According to his
configurational-bias Monte Carlo simulations, neglecting the kinetic factors, found that phase
segregation that results into patchy domains occur if the two thiols have a difference larger
than 3 carbon atoms in their hydrocarbon chain, Figure 22. Therefore in the binary SAMs of
C10 thiol with C11, C12, C13 mixed configuration is expected, whereas in the case of SAMs of
C10 thiol with C14, C15, C16, C17 and C20 thiols the patchy domains are expected.
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Figure 22.Monte-Carlo simulation of binary SAM of €10 and an alkanethiol of increasing chain length (C11 to C20). The
surface composition for all mixtures are xC10,SAM = 0.5 and simulation temperature of 300 K. Head groups of the thiols

are represented by open (for short-chain) and filled (for long-chain) circles. Reproduced from reference [75].

Cacciuto A. et al. used numerical simulations to compute the free energies on a binary system
of polymer brushes grafted onto a cylindrical surface. It was reported that the most favorable
state for the system is when the cylinder has more thinner lines as the length difference of the

two components increases [76].

Egorov applied a computationally more efficient approach, self-consistent field (SCF) theory.
According to his findings, thinner stripes are received as the chain length difference and the
density increases. His system is also two types of polymer brushes on cylindrical surfaces. His
results are in accordance to Glotzer’s theory on stripe formation on flat and curved surfaces.
He also reports that if the lengths of the two molecules does not differ then macro-phase

separation will occur[77].

Yaliraki et al. via mean field theory, attempted to theoretically evaluate the phase diagram of
binary SAMs that are applicable to the system of benzenethiol/dodecanethiol and
corenoid/alkanethiol mixures[78]. Reviewing his work, a temperature-composition phase
diagram is given in Figure 23. From that phase diagram, one can identify a range of unstable
composition and temperature conditions where the phase separation is thermodynamically

expected. The region between the binodal and spinodal curves (solid and dashed curve
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respectively) is where the monolayer is metastable. At this region patchy domains are
expected to form. By altering the benzenethiol concentration on the surface, one can move
outside the phase separation region and achieve a thermodynamically stable one-phase
monolayer that contains both ligands. It still remains a challenge, for the experimentalists, to

construct a phase diagram on a binary SAM of thiols on gold surface.
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Figure 23.Partial phase diagram calculated for a binary system of benzenethiol/dodecanethiol. Spinodal and binadal
curves are represented by a dashed and solid curve, respectively. The experimental data are illustrated by thre

horizontal line for composition x 0.11 to 0.25 (mole fraction of benzenethiol). Reproduced from reference[78].

Nassoko et al. investigated, using periodic DFT-D calculations, the pattern formation of 20
different linear thiol pairs on a defect-free surface[79]. Based only on the energy of
adsorption and not taking into consideration the conformational entropy of the long ligands
on the interface with the shorter ones, he reported that all combinations lead to phase
separation. As it was mentioned at the discussion on Glotzer theory, a ligand of higher
molecular length when it stands next to a shorter ligand it is expected to be disordered due to
high conformational entropy. Focused only on that matter, MC studies concluded that a long
ligand is more disordered at the boundary with the short ligand than being inside a domain of
other long ligands[80]. Targeted research on the state of the molecules at the interface on
binary systems is imperative. STM imaging of decanethiol:dodecanethiol SAM on gold has
shown clear molecularly sharp interfaces rather than disordered molecules at the

boundary[81].

In practice, a phase diagram of a system of two ligands is of great utility but not yet
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constructed experimentally. It remains an experimental challenge to actually record the
molecular phase separation states for a range of temperature and composition presented in
such a simple phase diagram. Most of the binary SAMs reported are believed to be in some
kinetically trapped state. In this work the introduction of an annealing step in a free from
thiols solvent aims to assist the SAM to reach thermodynamic equilibrium. Increasing the
diffusion of thiols will probably lead to the evolution of the SAM into the thermodynamically

preferred domains.

2.3. Characterisation

Scanning probe microscopy (SPM)

This sub-chapter contains a brief mention of the SPM methods and a detailed description of
Scanning Tunneling Microscopy (STM). The morphological study of SAMs on surfaces relies
mainly on STM. Consequently, STM is the main analytical tool of the research that is presented

on this thesis.

SPM contains all the analytical techniques that measure the chemical and/or physical
properties of a surface by the use of a probe. A tip is interacting with a nanometer or
micrometer area of a surface, it performs the scan and a detector is constantly detects and
records these interactions. The family of SPM techniques mainly includes (alphabetically):
Atomic force microscopy (AFM), chemical force microscopy (CFM), electrochemical STM
(ECSTM), lateral force microscopy (LFM), magnetic force microscopy (MFM), scanning
tunneling microscopy (STM) and scanning near field optic microscopy (SNOM). AFM is the
second most popular surface analytical technique with nanometer resolution after STM. AFM

contact mode and AFM lateral force mode are mostly used for SAMs imaging[82] [57].

The STM was invented G. Binnig (1947) and H. Rohrer (1933). For their invention they have
been awarded the Nobel Prize at 1986. The STM is based upon scanning with a metallic sharp
tip interacting with a conductive surface at a distance of .1 A. A voltage is applied and a small
current flows either from the tip to the surface or from the surface to the tip. This is tunneling
current because there is not contact between the tip and the surface but the small distance is
adequate for an electron to tunnel towards the opposite side. Semi conductive and conductive

materials are possible to be scanned with STM. If a metallic surface is modified with a thin
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film or a layer of molecules or atoms the STM is capable performing the scan as long as the
current can flow. There are two modes of operation on STM the constant current mode and
the constant height mode. The constant current mode is the one that is employed for the
surface analysis of the samples of this work. In constant current a feedback loop attempts to
keep the tip at a specific constant distance from the surface. The tip is mounted at a non-
moving head. A piezo-crystal-tube on top of which we have mounted the sample surface is the
quick responsive and precise positioning system that can change the distance according to the
change in the monitored current. The tip is scanning the surface line by line at alternating
directions front and back (trace and retrace), until the whole specified area is covered. If, at
any moment, the distance between the tip and the surface increases, the current decreases
and the feedback loop (the piezo) raises the surface to restore the current at its initial value.
At the constant height mode, the tip is not moving on the x direction and the surface
morphologies are identified and recorded from the produced current fluctuations in the
tunneling current[83][84][85]. STM measurements can be performed in air, in solution or in

ultra-high vacuum and low temperature conditions[86].

After the description of the parts and the modes of operation of an STM, it is imperative to
describe the STM basic physical principles and explain the z-height (distance between tip and
surface). Research on studying the transconductance of hydrocarbon chains using STM can
assist on the explanation of tip-surface distance changes during SAMs imaging[87][88]. The
height of a molecule that STM is measuring (z-height) is a convolution of its molecular and
electronic structure. STM scanning of thiol SAMs at high tunnel junction transimpedance
places the tip outside the alkanethiol film, resulting in a tunnel junction that is composed of
two layers: the film layer and the gap. The two-layer tunnel junction model is shown at Figure

24,
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Figure 24.The two-layer tunnel junction model. The STM tunnel junction consists of two distinct layers, the vacuum gap

and the film with their corresponding transconductances [87].

The hsm is the physical thickness of the monolayer. The film transconductance Gfim is
determined by the molecule properties. The gap from the film to the tip is controlled by the
STM to control a constant overall transconductance. Finally, The gap length determines the
gap transconductance. It is obvious that an increase in the film thickness during a scan will
change the tip trajectory to larger z-height but at the same time, if the transconductance
decreases (thicker film=less conductive) then the STM will compensate by decreasing the dgap.
Alkanethiols that do not have a terminal group have been studied and the Ah (change of the z-
height moving from one domain of decanethiol molecules to a domain of dodecanethiol

molecules) has been successfully predicted, Figure 25 [87].
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Figure 25. A. STM image of a 500 A x 500 A area of the mixed composition mosaic SAM of decanethiol and dodecanethiol
showing the alkanethiolate molecular lattice. B. A topographic cross section extracted from A on the path shown by the
red line. On the left, schematic diagram showing the STM tip trajectory (dashed line) corresponding to the constant

tunneling current operating point 5 in image A. Adapted with permission from[87]. Copyright (2017) American
Chemical Society.

Electrochemistry / Reductive desorption

This sub-chapter is a review on electrochemistry as a surface analysis technique. The
reductive desorption of thiols from gold surfaces using Cyclic Voltammetry (CV) and Linear
Sweep Voltammetry (LSV) is described more in detail. During the research for this thesis e-
chem has provided valuable results on the qualitative determination of the chemisorbed
thiols but mainly on the verification of a mixed or segregated phase either ordered or

disordered.

Electrochemistry is an analytical technique that is divided in 5 major methods: voltammetry,
potentiometry, coulometry, conductometry and dielectrometry. These methods use the
measurement of potential, charge, or current to determine an analyte’s concentration or to

characterize an analyte’s chemical reactivity[89].
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The first use of CV on thiol SAMs by Porter et al. showed the inhibition of redox current of the
ferricyanide redox couple according to the alkanethiol molecular length[90]. Cyclic
voltammetry has been widely used for the characterization of a SAM and evaluation of its
barrier properties by studying the electron transfer reactions using redox probes. Although
this approach can give valuable information, the reductive desorption is going to be studied in
this thesis. Electrochemistry has been used for the determination of thiol coverage and the
(sqrt(3) x sqrt(3)) R30° structure at which alkanethiols assemble[91]. Since then, the
electroreductive desorption in basic media has been used in SAMs and especially in thiolates
on polycrystalline or crystalline Au[92][93]. In the case of a thiol monolayer on gold the

reduction with the involvement of a electron occurs via:

Au—S—R + e~ 2 Au + R-S- (12.1)

The potential of the reductive desorption on alkanethiols varies linearly with the length of the
alkyl chain at values from -0.7 V to -1.2 V[94][95][96]. Among many uses, the electroreductive
desorption is not only able to qualitatively identify the alkanethiol of the SAM but also to
monitor the thermal stability and verify the decomposition by comparison of the peaks
(Figure 26). Small changes in the alkanethiol length and decomposition of the monolayer are

clearly identified as the temperature is increased [97].
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Figure 26.Set of cathodic sweeps showing the reductive desorption of the adsorbed species remaining after the thermal

treatment of C3T (black lines), C6T (red lines), C11T (green lines) and C16T (blue lines) SAMs. The atomic S desorption
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profiles are given in dashed lines. Scan rate: 50 mV s-1 . Reference electrode: Ag/AgCl (NaCl 3 M). Heating time: 30 min

at each temperature. Reproduced with permission from [98].

Focusing on binary-component SAMs, Hu-Lin Li et al. used CV with two different redox
couples at a binary SAM that is comprised of a 1,3,4-oxadiazole ligand and dodecanethiol.
Only by controlling the solution ratio of the two thiols he found that a specific ratio (20% of
dodecanethiol), while the Ru(NH3)¢ 3* penetrates the monolayer, the Fe(CN)s3- does not. It
was attributed to the possibility that the surface has larger areas with the mercaptan ligand
than in SAMs that have been produced with higher dodecanethiol solution ratio[99].
Publications on electroreductive desorption in binary SAMs can provide valuable information
that will later be used during the discussion of this thesis’ results. Mercaptoundecanoic acid :
octanethiol binary SAMs formed from solution under electrochemical control, resulted in
SAMs with a mixed phase rich in octanethiol. The single peak at the voltammograms shift as

the OT ratio is increased [100].

Yoenyama et al. studied binary MPA : hexadecanethiol (C16) SAMs. It was reported that phase
segregation occurs. Two-peak voltammograms at the expected MUA and C16 reductive
potentials was received at a SAM from 5:1 solution ratio. Higher C16 in the solution resulted
in one single peak at the C16 reductive potential indicating that the SAM comprised only of
one component. The procedure for the SAM synthesis did not entail annealing of the SAM and
small incubation times. It is interesting to mention that if the incubation time was increased to
72 hours the voltammogram of the MPA:C16 also had two peaks but the area of the MPA peak
was significantly smaller. That result demonstrates the fact that increasing the incubation
times in a solution with dissimilar thiols will yield on a surface with a single-component SAM.
It is believed that the longer thiol is the most thermodynamically favored, therefore the SAM
will consist of the C16, a hypothesis that has been proved by the CV analysis[101]. Binary
SAMs of Mercaptoundecanoic acid (MUA) : mercapto propionic acid (MPA) prepared from
ethanolic solutions gave single peak voltammograms during CV. The peak potential between
the peak potentials of the pure components desorption and the absence of domains during the
STM imaging indicates that a homogeneous mixed SAM is formed. The hydrogen bonding
between the terminal groups (-COOH) of adjacent MUA and MPA molecules has been
proposed as the driving force for the homogenous mixtures[102]. By comparing the reductive
desorption profiles with the distribution of the domain size by STM in a MPA:C16 binary SAM,

it was found that domain areas larger than 15 nm? on a flat surface give rise to a single
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macroscopic peak in the voltammogram, allowing the unambiguous identification of phase-

segregation and potentially morphological analysis by reductive desorption[72].

Synopsizing the binary SAMs electroreductive desorption research. The voltammogram
during the CV or LSV can provide the analyst with the following information:

» The strength and stability of the Au-SR bond and the absorbate-absobate interactions
from the desorption potential i.e. peak position.

»  The molecular packing quality from the sharpness of the reductive peak[93].

» The surface coverage from the area of the peak with a know electrode area.

» The re-reduction, after the absorption of the first cycle, can also help in the
identification of the desorbed molecules especially in binary SAMs. Referring to the
second cycle, in the case of CV analysis.

* On binary SAMs. In the case of a phase segregated phase the reductive desorption of
each component will occur independently at the potential at which each single-
component SAM is reductively desorbed. In a homogeneously mixed phase, the
desorption occurs at an intermediate potential of the desorption potential of each

single-component SAM.

X-ray Photoelectron Spectroscopy (XPS)

XPS is briefly reviewed in this chapter. The samples of this thesis have been given for XPS
analysis at the Molecular and Hybrid Materials Characterization Center (MHMC) laboratory of
MX-epfl.

XPS is a spectroscopic technique. It measures the elemental composition or the chemical state
of any solid or surface. The sample is irradiated with x-rays (in an ultra-vacuum chamber).
The electrons that are ejected from the sample are plotted against their binding energy. The
binding energy (in eV) is unique and specific to any element. The technique is one of the most
vital surface analysis techniques since the depth of penetration and the sensitive allows for
scanning molecular length monolayers and the interaction of them with the surface. Studies
on thiol SAMs on gold with angle-resolved XPS allow the measurement of the thickens of the
SAM. The ratio of the bounded sulphur to the Au 4f7,> can give the thiol coverage. Whitesides
et al. employed XPS to observe that both thiols and disulfides bond as a thiolate-Au on the

surface[103]. Angle-resolved XPS has been also used for the study of cyano-terminated thiol :
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alaknethiol binary SAMS. Although the Nitrogen region has not been presented the S2p region
revealed the existence of desorbed sulfur for 48h incubation[104]. Despite the fact that the
capability of the instrument, the angle of scan and the long times of scanning, XPS is able to

provide useful compositional information of the chemisorbed ligands.
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CHAPTER 3

3. METHODS

Chapter outline
Chapter 3 contains the experimental preparation procedure and surface analytical techniques
that have been employed for the compositional and morphological analysis of the prepared

binary SAMs.

3.1 Reagents and Materials

All chemicals were purchased form Sigma-Aldrich (St.Louis, MO) and Acros Organics (West
Chester, PA) in the highest available purity and used without further purification. The thiols
that have been used for this study are: Octanethiol (OT), 4-Cyano-1-butanethiol (CN4T), para-
nitrothiophenol (NB4M) and 3-mercaptopropionic acid (MPA). Anhydrous toluene 99.8%

from Sigma-Aldrich was used after it was purged with Argon gas for at least 1 hour.

The Au (111) surfaces were purchased from Phasis (Geneva). Gatalog # : 20020015, size: 8 x
4 mm?2. The gold foil (200 nm thickness) is on top of high grade freshly cleaved mica without
the use of adhesives. The surfaces are ready to use, without any cleaning or flame annealing

pre treatment.

3.2 SAM preparation

The project is mainly focused on the preparation and characterisation of 3 binary SAMs on

Au(111). The ligands that were used are presented below:
I N N N N NP N 2 N N N
HS HS HS

N o
AN HSONO
- 2 Hs ™ok
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The procedure is divided in two distinct steps.

Incubation step: The solution co-adsortpion procedure was followed for the SAMs formation

of this thesis. Au(111) surfaces from a freshly opened bottle were immersed in a degassed
toluene thiol solution for 24 hours at 60° C. High pressure glass tubes from Aldrich were used
for the incubation and annealing processes (Ace pressure tube-bushing type, volume ~15
mL). The feed ratio of the two thiols in the solution varies. The total thiol concentration is
50uM. After the incubation, the surfaces were rinsed with copious amount of toluene and
dried under a stream of Argon. The surfaces that will not be annealed were kept in a
desiccator and used immediately for characterization. These surfaces will be noted here as 0

days SAMs

Absolute precision over the thiol ratio in the incubation solution is important. The control
over the surface composition is achieved via controlling the feed ratio of the two thiols and

keeping the incubation period strictly for 24 hours.

Annealing procedure: The surfaces that will be annealed were placed in separate high-
pressure tubes that contained pure degassed toluene (the solvent was degassed again to make
sure that the oxygen has been completely removed) and put inside an oven at 60° C for
various amounts of time. The final SAMs were analysed immediately after they were rinsed

with toluene and dried under a stream of Argon.

An example of the notation that will be followed at this chapter is OT:X 4060 (62%). The pair
of thiols followed by the feed ratio of the thiols and inside the parenthesis is the surface ratio
from the N/S atomic percentage concentration XPS results only for the cases of OT:CN4T and
OT:NB4M binary SAMs that bare the nitrogen at their terminal group. The surface
composition of the OT:MPA SAMs could not be determined with a conventional XPS. The
reason lies to the fact that the carboxyl terminal group, that could be used for the
determination of the surface ratio of MPA is not clearly distinguishable in the C1s region. The
large contribution to the peak at the C1s region by sp2 hybridized carbon atoms in C-C bonds
tends to mask the expected peak of the -COOH at (289.13-289.33 eV). Therefore, the notation
that will be used for the OT:MPA binary SAMs will reflect on the feed ratio of the sample. i.e
OT:MPA 20:80-5days refers to a sample that has been formed via immersion of a Au(111)
surface in a toluene solution that contains 20% OT and 80% MPA ad has been annealed for 5

days.
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The surfaces were never allowed to be exposed in air for long times. The thorough drying of
the surfaces with Argon and the use of vacuum desiccator was an essential part of the
procedure. AFM images (Figure 27) of the modified surfaces that have not been dried
thoroughly and not been placed in the desiccator for at least 2 days have presented large
“blobs”. The use of desiccator resulted in the disappearance of these features. The thoroughly

dried surface was less prone to ambient contamination.

2.5nm

Figure 27. AFM images of OT-only SAM. The surface on the left was not dried thoroughly and not been placed in
desiccator presenting large blobs. The surface on the right has been dried and placed in desiccator and the features

have almost completely disappeared.

3.3 Analytical techniques

XPS

Primary necessity is the determination of surface composition of the prepared SAMs
according to the feed ratio of the two thiols at different annealing times. XPS analysis of the
non-annealed and annealed samples was performed and is presented at Figure 28 and Figure
29 A 10% air of uncertainty on the peak intensities has been given by the instrument’s
manufacturer. In the case of division for the calculation of N/S ratio from the atomic

percentage concentrations the error propagates resulting to a 14% error for the result.
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Figure 28. N/S atomic percentage concentration at different feed ratios of CN4T and different annealing times. The

error bars are the error propagation for a 10% error, given by the instrument’s manufacturer.
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Figure 29. N/S ratio from the XPS atomic percentage concentration. The x-axis is the NB4M ratio in the feed solution.

The samples that have been annealed for more days are also plotted and presented with different colours. The error

bars are showing the uncertainty of 10% that propagates in the N/S atomic percentage concentration values.

44




For all the samples the XPS detected the gold substrate and the elements from the thiol
monolayer (C, S, O and N). The spectra received, where shifted using the strong Au 4f7/2 peak
at 84.0 eV. The surface composition was determined for the OT:CN4T and OT:NB4M binary
SAMs based on the signal at the N1s region. The cyano and the nitro-groups give a peak at
~400 eV. A relatively poor signal-to-noise ratio of the N1s region has been attributed to large
inelastic background[105]. The peak received from the XPS has 10% the values of the

counts/second compared to the carbon peak, as seen at Figure 30.
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Figure 30. The N1s peak on the right compared with the C1s peak on the left. The counts per second are 85% less as

seen by the values of the y axis.

The bounded S at the S2p spectra is observed as a doubled (S2p3/2 ad S2p1/2) at ~162
eV[106]. The N/S ratio from the atomic percentage concentrations is used to determine the
surface composition of the binary SAMs. In some instances, different portions of the various
core levels need to be used for quantification. Relative Sensitivity Factor takes into account
mainly the atomic cross section (between others specific variables of every equipment) which
is dependent of the source Thus, the area of a peak must be divided by the RSF in order to
have the corrected area. All the samples were analysed by the same instrument and the
atomic percentage concentration values have been corrected. The area and height sensitivity
factors for all the used 5 elements are given at the paragraph “XPS” in appendix A. The
manufacturer of the STM is indicating a 10% error on the calculated values. The error
propagation for the N/S values is *#14.14% illustrated with the use of error bars at the plots
of this thesis. For the OT:MPA binary SAMs, the conventional XPS cannot be used for the
quantitative determination of the -COOH based on the C1S or 01S region. The S/Au ratio from
the atomic percentage concentration has been used to verify that no desorption has taken

place during the annealing Figure 31.
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The use of XPS in this thesis is not limited to determine the surface composition but also to
verify that the annealing process does not decompose the SAM. The existence of oxidised
sulfur species was examined along with the surface composition, according to annealing time.
The peak was observed sporadically and with no apparent trend in regard to the thiols used
or the annealing time. As seen in Figure 32, there is a small peak at the binary SAMs that have

been annealed for 0 or 20 days but no peak for the sample that has been annealed for 40 days.
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Figure 32. XPS of OT:CN4T binary SAMs that have a small peak at 168 eV that imply the existence of oxidised sulphur.

XPS analysis was performed using a monochromatic Al Ka X-ray source of 25.3 W power with
a beam size of 100 um. The spherical capacitor analyser was set at 45° take-off angle with

respect to the sample surface. The pass energy was 46.95 to 90 eV. Curve fitting was

performed using the PHI Multipak software.
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Electroreductive desorption

Cyclic voltammetry and linear sweep voltammetry were employed for the characterisation of
the prepared SAMs. All the voltammograms are presented at Appendix B according to the

thiol pair in order to not disturb the flow of the discussion.

As described in detail at Chapter 2, the reductive desorption of thiols from Au(111) can offer
valuable information about the species that are adsorbed onto the surface and the phases of
the binary SAM. The one-component SAMs of all the thiols of this work show no significant
differences upon annealing. The voltammograms are used for reference reasons throughout
Chapters 3 and 4. The OT-only SAM desorbs at -0.97V, in good agreement with the
literature[107], [108]. The voltammogram of the non-annealed CN4T-only SAM has no
difference with the annealed CN4T-only SAM. The sample used here, has been annealed for 20
days and is characterised by a non-broad peak at -0.78 V. The peak of the p-nitrothiophenol
SAM is a broad peak at -0.75mV. The peak appears to have a shoulder at -0.8 V. Other studies
on the reduction of NB4M from gold surfaces have shown that for a bead crystal Au(111) in
50mM NazS04 (pH=7) electrolyte the reductive potential was found to be -0.65V versus SCE
reference electrode[34]. The MPA desorption gives a sharp peak at-0.78 V.

The scan rate of the CVs is constant throughout the presented work at 50 mV/s. The
desorption studies of this thesis involve a redox process. The reaction rate will not change
noticeably if the scan rate changes. Figure 33 below testifies in favor of this. The “peak” that
appeared in the -1.2 potential is seen some times and it is due to the delicate nature of the

gold foil that slightly detaches at the hydrogen evolution potential.
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Figure 33. CVs of OT SAM at different scan rates.

The area of the peaks cannot be directly correlated between different measurements, as it is
difficult to control with high accuracy the immersed area of each surface. The use of the
Au(111) on mica substrates as a working electrode renders us unable measure the exact

immersed surface with precision.

The profile of the prepared surfaces will assist in identifying the annealing effect in terms of
received phases. Surfaces of same composition, prepared via immersion in the same mother
solution of two thiols, are divided and annealed at different times and the received peaks will

indicate the changes in morphology and phase separation caused by annealing.

Regarding the non-annealed binary SAMs of this thesis the two peak profiles can be used to
calculate the percentage of one peak to another and give an approximate surface ratio of the
two ligands. By fitting the peaks and calculating the ratio of the areas of the peak at more
positive potentials with the peak at more negative potentials (desorption of OT) the ratio of
the CN4T and NB4M can be estimated. Plotting the findings with the ratio of CN4T and NB4M
from the XPS results gives as the plot at Figure 34. The almost linear dependence is obvious

considering that the XPS values have a 14% error.
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Figure 34. Fraction of CN4T and NB4M according to XPS versus the ratio of CN4T and NB4M to OT from the CVs.

Cyclic Voltammograms (CV) measurements were performed with a Gamry E-600 potentiostat
and a 3-electrode cell. A separate compartment for the reference electrode (Ag/AgCl (NaCl
3M)) and a fixed position for the working electrode (clamp for the Au(111) surfaces) and the
counter electrode (Pt foil). The 0.1 M KOH electrolyte was thoroughly deoxygenated by
sonication and Argon bubbling prior to each experiment. All measurements were made at a

sweep rate of 50 mV/s.

STM

The domain formation in terms of shape and size has been studied with the use of STM. The
phase separation of two thiols that differ in terms of terminal group and molecular length will
give STM contrast during imaging allowing the identification of the domains. The effect of
annealing on the domains will be studied according to different compositions and annealing

times.

The morphological analysis of the prepared SAMs was performed using STM in air and in
liquid (phenyloctane). Unless mentioned otherwise, the scans are performed in positive bias.
No differences have been identified between the scans in air and in liquid. The resolution
obtained from scans performed in liquid is typically much higher than in scans performed in

ambient conditions.

The STM has been calibrated using a clean HOPG surface. The stand up phase of OT on
Au(111) has been correctly measured with an average distance of 0.507 nm as seen at Figure

35.
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— Profie 1

Figure 35. STM image of OT stand up phase. The line profile has measured the distance to be 0.5 nm. Set point
current=50 pA and voltage bias=450 mV.

The z-height of the one-atom terrace on the Au(111) modified with OT is measured to be

240pm, in agreement with the Au-Au distance of 233 pm (Figure 36).

— Profile 1

¥ 1nm)

Figure 36. OT SAM. The line profile is measuring the height of the terrace to be 230 pm. scale bar is 20nm. Set point
current=55 pA and voltage bias=450 mV

Numerous images have been acquired at different areas of the surface of replicates. The
images that are shown in this chapter are representative in terms of surface morphology and
characteristics. The table below contains the number of STM images per composition that

have been acquired.
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Figure 37. Number of acquired STM images per sample, per composition
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The domains that will be shown in the case of binary SAMs have been carefully studied to

exclude any probability of them being an STM imaging artefact. The system was left overnight

to stabilize or thermalise in order to minimize thermal drift. Thermal drift is the relative

motion between the tip and the sample caused by thermal gradients. The changes in scan

angle Figure 38 and zooming-in during the scans can also verify that the observed features are

real Figure 39.

Figure 38. STM images of OT:CN4T binary SAM. The image on the left has been scanned at 0 degrees. The image at the

right has been scanned at 30 degrees, clockwise. In the middle, the angle was changed during the scan. The white line

indicates when the piezo changed the angle from 0 degrees (bottom half of the image) to 30 degrees (upper half of the

image). The domains followed the change. The scale bar is 20nm.

X in nm

Figure 39. STM image of a OT:NB4M binary SAM (right) and next to it a zoom-in scan. The domains follow the zoom

without changes in the dimensions or the shape. The scale bar is 20nm
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A great number of samples have been imaged with two different STM instruments. The
examples shown below, portrait that the same samples or reproduction of the samples give
the same features on the two STMs. The two most important features of a surface science
research is reproducibility and to be able to verify the results using more than one technique
or one technique in different instruments. As it presented below, the similarity of the features
of the same surface (Figure 40) scanned by different instruments indicates that the surface is
homogenously patterned with the same domains and that both instruments are reliable for
the study. The micelles and the same pits are distinguishable by the contrast of both

instruments and no differences can be identified.

Figure 40. STM images taken by of the Veeco Multimode STM in phenyloctane (left) and Nanosurf easyScan 2 STM in air
(right). The two scans were performed by 7 days apart. The sample is OT:CN4T (35%CN4T). The contrast of both

instruments show the identical domains. Scale bar is 20nm

At Figure 41 the reproduction of the binary SAM and the analysis of the two samples with the
two instruments verify even further the homogeneity of the binary SAM domains but also
shows the very good reproducibility of the studied systems. The extended use of the easyScan
instrument has been limited due to the above-mentioned reasons. The major disadvantage of
the Nanosurf easyScan 2 STM is the inability to perform the analysis in solvent. Using this
disadvantage in our favor, the images provide a verification that the in-situ STM at the Veeco
Multimode does not cause artefacts since the image at Figure 40 (left) has been imaged in
phenyloctane. Molecular resolution with the easyScan instrument is also very difficult to

achieve with an imperfect tip.
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Figure 41. STM images of taken STM images taken by of the Veeco Multimode STM (left) and Nanosurf easyScan 2 STM
(right). The two scans were performed on two different, reproduced SAMs. The sample is OT:MPA 20:80. The contrast of

both instruments show the identical domains. Scale bar is 20nm

The characteristic length scales and dimensions of the domains identified by the STM can be
extracted and measured with horizontal topographical power spectral density (PSD). The PSD
analysis is an established method to extract information from the collected STM images and it
is operator independent. It has been successfully employed for the determination of the
domain sizes in binary-coated Au nanoparticles that have stipe-like domains [109]-[111].
Large sets of images can be compared and the average NP size and domain size can be
extracted. PSD analysis has been also employed in morphological analysis of biomolecules,

macromolecular films and pattern analysis in forensic science [112], [113].

PSD is the norm squared of the Fourier transform of the STM topography. It is a plot of the
contribution of different surface lengths to the topography fluctuations. The characteristic
lengths of the features on the whole STM image can be measured with PSD, offering a
complete characterization as opposed to the line profiles at specific areas. The orientation or
size of the domains can result in a PSD without a prominent peak or change in the slope. The
reason lies to the fact that only the distances in the horizontal direction are taken into
account, and pits or atomic steps can be considered in the ensemble of averages. The use of

radial PSD (azimuthal averaging of the 2D PSD) could offer more useful results.

In the examples presented below, the radial and horizontal PSDs can be used to extract values
of the domains dimensions and spacing. The micellar domains of the OT:CN4T binary SAM-
annealed for 20 days were measured with line profile to have a diameter of 6-8nm. From the
radial PSD a characteristic length at k=0.88 nm-! (red dot) that corresponds to 7.13 nm can be

extracted Figure 42.
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Figure 42.STM image of the OT:CN4T (35% CN4T) binary SAM annealed for 20 days with micellar domains of 6-8nm.
The correlation length of 7.13 nm can be identified and extracted from the radial PSD (W/k plot on the left)

The binary SAMs with stripes are presenting good PSD plots. On the example below, the
OT:CN4T STM image show stripes of 5 nm width and an average interspace of 14nm. The PSD
extracted from the flattened region on the bottom shows a correlation length extracted form
the first shoulder of 16.5 nm (blue dot) and a peak at k=1.25 nm! which corresponds to 4.8

nm attributed to the stipe width Figure 43.

13 nm
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Figure 43. STM image of the OT:CN4T (45% CN4T). The line profile (red line) on the top right measures a distance
between the stripes of 14nm (blue line) and a stripe width of ~5nm (green line). Dimensions that can be extracted from

horizontal PSD at right bottom. Scale bar is 100nm.

The STM experiments were performed at room temperature using a Veeco Multimode
Scanning Probe Microscopy with E scanner in an acoustic chamber sitting on a vibration

damping table in air and a Nanosurf easyScan 2 STM. Mechanically cut Platinum-iridium STM
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tips were used. Set point currents were in the range of 40 pA to 400 pA with a voltage bias of
400-900 mV. Integral gains varied from 0.7 to 0.5 and proportional gains from 0.5 to 0.2. STM
in liquid (phenyloctane) was performed only on Veeco multimode. All analysis and images are
the result of scanning after allowing the system to stabilise over night in order to avoid
drifting phenomena. Image processing of the STM images was performed with the software

Gwyddion. The images were flattened.

Contact Angle

The wetting behavior of the modified surfaces is examined via contact angle measurements.
The nitro and nitrile-groups been characterised as hydroneutral (and not hydrophilic)[114].
In the case of OT:MPA binary SAMs the hydrophillicity of the surface is more evident due to

the carboxyl terminal group.

The hydro-phillicity/phobicity of the modified surfaces will assist in the determination of

whether the annealing cause desorption or alters the chemical stability of the SAM.

The non-annealed OT:CN4T surfaces appear to remain hydrophobic when in binary mixtures.
On the other hand, the annealing process is making the binary surfaces more hydrophilic
reaching the value of the CN4T-only SAM. The transition of the contact angle in the case of the
annealed binary SAMs follows well with composition. Comparing the annealed samples at 20
days and 40 days of annealing no differences are found thus the results support the XPS

findings that the annealing process does not cause desorption of ligands (Figure 44).

50
CNAT XPS ratio

Figure 44. Contact angle measurements of the OT:CN4T binary SAMs on Au(111) at different surface compositions of
CN4T and at different annealing times 0, 20 and 40 days

In the OT:MPA binary system, the carboxylic group is giving a more hydrophilic character to

the modified surface. The plot below depicts the effect of feed ratio on the surface’s hydro-
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phillicity/-phobicity. Focusing on the differences according to the annealing time almost

identical values are received for the same OT:MPA feed ratios (Figure 45).
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Figure 45. Contact angle measurements of the OT:MPA binary SAMs on Au(111) at different feed ratios of MPA and at
different annealing times 0, 10 and 20 days

Static contact angles were measured with OCA 35 from DataPhysics Instruments. Drops were
placed on the surface in room temperature. Multiple surfaces were used for the accumulation
of the values. The values are an arithmetic mean of at least 15 drops per sample. The error

bars at the plot represent plus/minus one standard deviation of the measurements.

Sessile drop contact angles of water were measured on the used Au(111) substrates. The
value from 20 drops was found to be 71°. The value coincides with that of other publications.
It should be noted that the theoretical value for a perfectly clean gold surface should be 0° but
this value is unlikely to be obtained on a surface exposed to ambient conditions and

susceptible to random environmental contamination.
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CHAPTER 4

4. RESULTS AND DISCUSSION

Chapter outline

Homoligand SAMs on Au (111) surfaces for four different ligands OT, NB4M, CN4T and MPA
were studied and used as references for binary SAM functionalized Au (111) surfaces. The
high quality binary SAMs of OT and one of the other three molecules, prepared by the co-
deposition method, were thermally treated to expedite their transformation into
thermodynamically equilibrium states. The transformation was probed by both cyclic
voltammetry (CV) and scanning tunneling microscopy (STM) which provide complementary
information. The evolution of the binary SAM surfaces under the mild heat treatment in a neat
solvent was found to lead to new nanoscale thermodynamic phases that were initially
suggested by CV, and then unequivocally identified by STM. The new phases were found to
depend on the choice of ligand and the composition, being striped domains or micellar islands
that are distinctly different from the phase separated macro domains of the as-prepared

binary SAMs. A mechanism to explain the transformation was suggested.

4.1 Homoligand SAMs

The cyclic voltammetry (CV) on one-component SAMs on flat Au (111) surfaces was
performed for reference reasons. The single components of the studied binary SAMS were
studied first. Their CV curves are presented in Figure 46. A typical voltammogram of a
thiolated Au surface is characterised by a single sharp peak at a potential, characteristic of the

one-electron desorption process.
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Figure 46. CV peaks of the homoligand SAMs. The small peaks at more negative potentials than -1.1 V are attributed to

lost connection while the scan was performed.

The extracted desorption potential values for all the studied thiols can be found in Table 1.
The obtained values match closely with those reported in the literature. OT prepared by the
same method gave the value of -1 V [98]. MPA was studied documenting the value of MPA
desorption at -0.8V [28], for example. The desorption potential of CN4T and NB4M has not
been reported so far, but the desorption potential is obtained at the expected range for a

thiolated molecule of similar structure.

Table 1. Reductive potential values of homoligand SAMs

desorption potential V
oT -0.97
CNAT -0.79
NB4AM -0.75
MPA -0.78

These desorption potentials are of great utility to study the quality of the SAMs in a
quantitative fashion [52]-[55], [57], [100], [101]. It has been known that the desorption
potential is dependent on not only the chemical functionality of the thiol but also the
intermolecular interactions. In the case of alkanethiols for instance, it has been reported that
a short alkanethiol has a typical reduction potential at about ~ -0.7 V, and this value shifts
toward higher potential with greater molecular chain length. Packing defects and different

packing structures such as lying-down phases also affect the reduction potential although
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scarcely reported [98]. In addition, the presence of functional groups also influences greatly
this value [54]. The peak shape has been found that it can be used as a diagnostic tool for the
homogeneity of the monolayer and can be evaluated by the full-width at half-maximum
(fwhm). The studies on the factors that determine the FWHM have been focused on
alkanethiol SAMs. It has been found that it narrows with increasing chain length. As it was
identified by the received voltammograms in the case of CN4T- and MPA-only SAMs the
monolayers were highly ordered. The narrow FWHMs of 40mV and 28mV, respectively, verify
the foretold. The OT-only SAMs had a narrow FWHM of 60mV but well in accordance with the
literature [93], [115]. In the case of the NB4M, a broader peak was received. The interactions
between the adsorbed molecules influence the desorption peak. The broad peak might be
attributed due to the pi-pi interactions of the aromatic ligand or the presence of the nitro-
terminal group or the existence of two phases of NB4M at the SAM. Focusing on the peak
potentials, the CV results indicate that the four chosen thiols are clearly distinguishable. This
distinct feature of the four chosen thiols facilitates our studying of binary SAMs by this

method.

4.2 Phase separation in non-annealed binary SAMS

The electroreductive desorption of a representative binary SAM of OT and CN4T that has not
been thermally treated is employed for the discussion on the phase separation of non-
annealled binary SAMs. The efficiency of the technique and the information that can be
received on this study classify it as a powerful tool. A typical CV of an OT: CN4T binary SAM on
Au (111) with the composition close to 1:1 at zero days was recorded in the same condition as
the homoligand-coated surfaces and the result is presented in Figure 47. The two-peak profile
is evident compared to that of a single-component SAM. The two peaks were identified as the
reduction potentials of the constituting thiols: at -0.97 V for OT, and -0.8 V for CN4T,
respectively. The presence of two separate peaks on the CV indicates that each chemisorbed
thiol in the binary SAM experiences the same environment as if it were in their own
homoligand-coated surface. This means that the Au surface is covered with large domains
pure in OT and pure in CN4T. In other words, the voltammogram suggests that the two thiols
phase separated on the Au surface into macro domains. In the same manner, Sawaguchi et al.
studied the mixtures of decanethiol:MPA and pointed out the link between the macro domains
and the appearance of the separate reduction potentials in the CV [116] [117]. Similarly, other
studies have also reached the same conclusion based on other systems MPA:hexadecanethiol,

MPA:decanethiol,  3-mercapto-1-propanol:Tetradecanethiol —and hexadecanethiol:12-
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mercaptododecanoicacid. [50], [51], [55], [58]-[60], [101], [118]-[120]. However, the
minimum domain area that can lead to the appearance of the two separate peaks is still under
debate and should be carefully considered. In the case of 1-hexadecanethiol and 3-
mercaptopropionic acid, it is demonstrated that the appearance of the two desorption peaks
on the CV are accompanied by the presence of thiol patches in the order of 15 nm? or larger

[54].

-1.0 -0.5

E Vvs (Ag/AgCl 3M)

Figure 47 Voltammogram of OT:CN4T binary non-annealed SAM. The vertical lines are indicative of the OT (left) and
CNA4T (right) homoligand desorption potentials. Electrolyte: 0.1 M KOH. Scan rate 50mV/s

The voltammograms in Appendix C of the non-annealed binary SAMs of OT:CN4T and
OT:NB4M show that the same two-peak profiles have been received during the study. STM
imaging of the OT:CN4T non-annealed SAMs revealed a contrast during the large scan size
image acquisition Figure 48. The observed depressions appear as irregularly shaped patches
of a diameter of 25-30 nm. The one-component SAMs and the annealed binary SAMs did not
feature these depressions. The contrast is reversed in the case of 87% CN4T binary SAM and
islands of an average diameter of 15nm have been observed. The area of the depressions was
calculated on an ensemble of 5-10 images per sample with an average size of 350x350nm. The
patches’ area scales with compositions. As the amount of the CN4T (shorter, in molecular

length, ligand) increased, the area covered by the depressions increased as well.
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Figure 48. STM images of OT:CN4T non-annealed binary SAMs of different surface composition. The area of the
depressions is given in percentage below the CN4T composition. Set point current=50 pA and voltage bias=350 mV.
Scale bar is 20nm.

Prior to the results and discussion of the annealed binary SAMs, the reader is urged to study
the voltammograms of the non-annealled binary SAMs of OT:CN4T and OT:NB4M at pages
119 and 12, respectively. The two-peak profile on all the samples is evident. The peaks are
well separated at the desorption potentials of their constituents. The area of the peaks, as

shown in Chapter 3, follows the changes of the ratio of the chemisorbed ligands.

4.3 The phase transformation of binary SAMs by heat treatment (annealing)

The same binary SAM coated Au (111) surface OT:CN4T (1:1) was placed in a pressure-
tolerant tube containing degassed toluene. The vial was heated at a controlled temperature of
60°C. The temperature of 60°C was chosen so that the desorption of the thiols is minimal [17],
[98], as also being learned from the homoligand reference samples presented in section 3.1.
The surface was removed from the solvent, rinsed with toluene and dried with argon after

40days.

The CV study was performed immediately. In Figure 49, the received voltammogram of the
OT:CNA4T 1:1 is shown. Intriguingly, the two distinct peaks at the desorption potentials of OT
(-0.97 V) and CN4T (-0.79 V) became diminished. In stark contrast to the CV of the same
composition at zero day, only one peak at a potential between the desorption potentials of

pure OT and pure CN4T is present. This interesting result merits further study
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Figure 49.Reductive desorption peak of OT:CN4T binary SAM at 1:1 surface composition annealed for 40 days

In order to understand the CV data, we first investigated the quality of the binary SAMs to
know if the annealing deteriorated the monolayer or not and to what extent. The XPS data
pointed out that the composition of the annealed SAM was essentially equivalent to that of the
non-annealed one. Overall, the XPS data did not suggest any deterioration of the binary SAM
under this mild annealing condition. It is also further confirmed by wettability study where it
was showed that the contact angles of the annealed films and of the as-prepared film are

effectively similar (data available in Chapter 3.3).

The presence of a single peak at the intermediate region in the CV of the binary SAM OT: CN4T
1:1 suggests the change in the morphology of the thiolated surface layer. As the reductive
desorption peak carries the information on not only the S-Au bonding but also the adsorbate-
adsorbate intermolecular interactions. The role of the latter is especially noticeable in the
present study. The reductive desorption peak at the intermediate region in between those of
the constituting thiols suggests that the thiols are electrochemically desorbed from a
homogenously mixed phase where each and every thiol in the mixture finds the same exact
local environment. It can also suggest that the binary SAM has a particular morphological
phase such as nano stripes or micellar domains with substantially small dimensions. Besides,
the presence of a mixture of all of these phases is not to be excluded. A clear qualitative and
quantitative determination of the suggested phases is of great interest, but it is presently
beyond the scope of the CV being a spectroscopic technique. We resort to scanning tunneling

microscopy (STM) to identify the new phases.
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4.4 Identification of the new phase in annealed binary SAMs by STM imaging.

As CV suggests the existence of a new phase on the surface of OT:CN4T 1:1 binary SAM, STM is
the most appropriate surface analysis technique to obtain its morphology. Being a
microscopic technique with high resolution, it was employed to identify the size and shape of
this new phase. Shown in Figure 50 is an STM image—height image—of the binary SAM
OT:CNA4T 1:1 after 40 days of annealing in toluene. The image has 3 different types of features
that mark the locations of OT molecules (brightest contrast), CN4T molecules (intermediate
contrast) and etched pits (dark brown contrast) that are unavoidable. This assignment of the
molecular contrast is based on the molecular height difference between OT and CN4T, and
that etched pits on a thiolated gold surface are located at a fixed depth of n x 230 pm (where
n=1,2,3...) [25], [26], [121]-[126].

It is apparent that the surface possesses a morphology composed of striped domains where
alternate between bright and dark contrasts appears throughout the scanned area. Manual
estimation of the dimension of the phase provides an inter-domain spacing of 2.4 nm which is
about 200pm molecular thick and a length of the domains from 5 to 10 nm. A better, fast and
objective method based on power spectrum density (PSD) to obtain the dimension,-
equivalently in this case the correlation length- of the striped domains was reported by
Biscarini et al [127]. The technique is based on 1D FFT of the height image and available in
most scanning probe image analysis softwares. The PSD of the STM image is displayed in
Figure 50. The correlation length of the striped domains is readily extracted from the first

shoulder of the PSD plot, and yields approximately 2.7 nm.

Figure 50. STM images of the OT:CN4T binary SAM annealed for 40 days. On the far right image, the angle was changed

during the scan. The white line indicates when the piezo changed the angle from 0 degrees (bottom half of the image) to
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30 degrees (upper half of the image). As it can be seen the domains followed the change.Set point current=50 pA and

voltage bias=350 mV. Scale bar 20nm.
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Figure 51. Horizontal Power Spectral Density of the OT:CN4T 1:1 binary SAM image presented above. The logarithmic

yy'and xx' axis is helping with the identification of the shoulder, indicated with a vertical line at 2.48 nm-1,

High-resolution, close to molecular scale, imaging by STM of this phase often poses a
challenge, as this type of morphology is known to possess complex interfacial domain
structures. The molecules at these interfaces usually assume randomly orientated
conformation that hinders effective imaging [128], [129] . In Figure 52, a high resolution
image of the binary SAM OT:CN4T 1:1 is presented. In this image, the location of CN4T
domains is vaguely resolved, although an intermoleculardistance of a regular close-packed

thiolated surface about ~0.5 nm is measurable.

0.7 nm

Figure 52. High resolution STM image of the binary SAM OT:CN4T 1:1-40 days. Scale bar is 20nm. The STM was

performed in phenyloctane.
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4.5 Evolution of morphology in binary SAMs

In order to verify that the new phase is the thermodynamically equilibrium phase of the OT:
CN4T 1:1 mixture, a time dependent annealing was performed which was then investigated
by CV at different annealing times. The CVs for the binary SAMs at the annealing time of 40
days and 60 days are presented in Figure 53. It is clear that the CV of the two annealed
samples became effectively invariable, with only one desorption peak at the intermediate
potential. This implies that the binary SAM has reached the equilibrium state within the

studied annealing time.

40 days

60 days

E Vs (Ag/AgCl 3M)

Figure 53. Cyclic voltammograms for reductive desorption of OT:CN4T binary SAMs at 1:1 surface composition
annealed at 40 and 60 days. Electrolyte: 0.1M KOH aqueous solution. Scan rate was 50 mV/s.

STM imaging of the annealed SAMs at different times was also followed in order to elucidate
the morphology present during the phase evolution, as shown in Figure 54. After 20 days, the
surface exhibits micellar domains and a peak at an intermediate potential. The micellar
domains evolved into elongated stripe-like domains at 40 days, and these domains remained
effectively unaltered. The images at Figure 55 of the OT:CN4T SAM annealed for 60 days at

different scan sizes further verify the aligned elongated domains.
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Figure 54. STM images of OT:CN4T binary SAMs at 1:1 composition, at different days of annealing. Set point current=50
pA and voltage bias=350 mV. Scale bar 20nm.

Zoom in

Figure 55. Large area STM images of OT:CN4T binary SAMs at 1:1 composition, at 60 days of annealing. The change of
the orientation is allowing the comprehension of the stripe domains Set point current=50 pA and voltage bias=350

mV. Scale bar 20nm.
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The evolution of the morphology of binary SAMs from complete phase separation at zero days
to the formation of the new phase was also studied in other binary SAMs. In the case of
OT:NB4M 1:1, we observed the gradually diminishing desorption peaks of OT and NB4M over
the course of annealing, and the appearance and prominence of the immediate peak, as shown

in Figure 56.

HS/\/\/\/\
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Figure 56. CV of OT:NB4M binary SAM (surface composition 1:1) at different annealing times.. The two lines indicated
the reductive potential of the single ligand SAMs. Electrolyte: 0.1 M KOH. Scan rate 50mV/s

STM imaging at intermediate annealing times was also carried out. The result, as can be seen
from Figure 57, shows the evolution to the final morphology where stripe-like domains are
evident. The binary SAM that was annealed for 14 days presents a three-peak profile. STM
images of that intermediate phase depict ragged domain boundaries, suggesting that the new
striped phase appears at the expense of the sub-domains. The binary SAM that had been

annealed for 90 days resulted in striped domains. The width of the stripes is ~4nm with a
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spacing of 8nm. The large scan area showed that the orientation of the stripes differs in the

different terraces of gold.

1.1 nm

0.8 nm

Figure 57. STM images of OT:NB4M binary SAMs at 1:1 surface composition at 14days (top), 20days, 40 days and 90
days (bottom) of annealing. Set point current=50 pA and voltage bias=350 mV. Scale bar 20nm
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4.6 Composition dependence of the equilibrium morphology in binary SAMs

We inspected the equilibrium phase of binary SAMs at ratios other than 1:1 by both CV and
STM. The one-peak profile is also evident on binary SAMs OT:NB4M, OT:CN4T, and OT:MPA at
different composition ratios as presented at Figure 58 - Figure 62. As can be seen, other
equilibrium morphologies such as micellar islands can be tuned by changing the composition

of the as-prepared SAMs.
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Figure 58. STM image of the binary SAM of 35% CN4T at equilibrium, annealed for 20days. Set point current=50 pA and
voltage bias=400 mV. Corresponding CV on the left. Electrolyte: 0.1 M KOH. Scan rate 50mV/s.
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Figure 59. STM image of the OTMPA 1090 binary SAM after 5 days of annealing. Set point current=50 pA and voltage
bias=400 mV. Corresponding CV on the left. Electrolyte: 0.1 M KOH. Scan rate 50mV/s.
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Figure 60. STM image of binary SAM of 35% CN4T at equilibrium, annealed for 60days STM image. Set point current=50
pA and voltage bias=400 mV. scale bar is 20nm. Corresponding CV on the left. Electrolyte: 0.1 M KOH. Scan rate
50mV/s.
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Figure 61. STM image of binary OT:NB4M SAM 30% NB4M at equilibrium, annealed for 40days. Set point current=50 pA
and voltage bias=400 mV.
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Figure 62. STM of binary SAM 70% NB4M at equilibrium, annealed for 40 days. Set point current=50 pA and voltage
bias=400 mV. Corresponding CV on the left. Electrolyte: 0.1 M KOH. Scan rate 50mV/s.

4.7 Mechanism of the phase transformation in binary SAMs

Binary SAMs of thiols on Au(111) can be made by a variety of methods such as co-adsorption
or place exchange [48], [49], [51], [52], [55], [57], [58], [130]. The fabrication method
influences largely the composition and morphology of the obtained binary SAM. With respect
to composition for example, it is often found that composition of the SAMs does not reflect the
composition of the solution mixture. It is a consequence of chemical affinity and competitive
intermolecular interactions among the thiols of the same species and the thiols of different
species. In general, the adsorption of two alkanethiols of different lengths has been known to
favor the longer chains over the short ones. In our co-deposition method, we see that the
composition of the binary SAMs linearly depends on the solution composition as also reported

previously by a number of groups [59]-[61], [131].

The obtained binary SAM is strongly influenced by the solubility of the thiols, the surface
diffusion, and the exchange of adsorbates with the thiols in solution. However, it is observed
that for any mixtures of any dissimilar thiols, the phase separation occurs by the co-
deposition method [107]. Mixtures of alkanethiols having different lengths were investigated
and it was shown that the larger length mismatch led to greater macro phase domains [51]. A
mixture of molecules of the same chain length but with different head groups was also found
to separate into macro domains [52]. In our study, the molecular pair OT:CN4T is distinct in
both chemical nature and in length, hence the conclusion is supported by our CV study at zero

day that the macro phases are present, as is evident by the sole presence of the two separate
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desorption peaks -0.97 V for OT, and -0.79 V for CN4T, respectively. Indeed, all three mixtures
chosen show a distinct difference in chemical nature of the thiols and length, hence one would
expect the phase separation occurs in all of these mixtures at day zero. It is believed that due
to the short deposition time and slow mobility of thiols on gold surfaces, the thiols are

kinetically trapped in this initial morphology.

The progression of domain formation towards an equilibrium phase is scarcely reported in
the literature. In one particular case, Tantakitti et al. reported the progression of binary SAMs
of a sugar derived thiol in the form of a synthetic tetrasaccharide-terminated oligo(ethylene
glycol) thiol and an OEG-derived thiol having hydroxyl-terminated oligo(ethylene glycol)
towards the equilibrium phase [61]. The binary SAMs, made by co-deposition from the
aqueous solution of the two thiols, possess the usual patchy domains formed upon adsorption
and changed with time in ambient condition toward micellar or island-like at low molar
ratios, and worm-like or continuous clustering at high composition. Due to the negligible
mobility of the thiols at room temperature, especially when they are in close-packed form on
the surface of Au(111), the heat treatment (annealing in neat solvent in our case) would speed

up the coarsening process and lead faster to equilibrium.

The annealing of the binary SAM OT:CN4T indeed led to a different phase, as suggested by its
CV where a single desorption peak at the intermediate potential was observed. The STM
imaging elucidated further that the new phase was striped domains where alternate stripes of
OT and CNA4T stood next to each other. Analysis of the STM images gave the stripe correlation
length of ~3 nm. Other mixtures of OT and CN4T (35% CN4T), and OT:NB4M (30% NB4M)
OT:NB4M (70% NB4M) also gave stripe domains as a final phase, while OT:CN4T at 20 days of
annealing, OT:MPA 10:90 led to micellar islands in the size range of 4 nm to 8 nm as the

thermodynamic phase.

In order to understand how the binary SAM transformed into the final phase, it is worth
noting that when a SAM is composed of two or more components, the self-assembly is
controlled by intra- and inter- molecular interactions. In general, molecular organization is
dictated by weak non-covalent chemical interactions that include van der Waals, m-m, and
electrostatic interactions. In addition to such chemical interactions, molecular geometry has a
significant impact on the formation and the final morphology of the assembly. For

alkanethiols for example, the strength of tail-tail interactions goes in preferred order of long-
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long > short-short > short-long. In general, the phase separation into domains reflects
differences in chemical properties, length, and bulkiness between the molecular components
and their interactions in bulk and at the interface. Several forms of phase separation are
illustrated in Figure 63.0n the general mechanism that is suggested, the phase segregated
domains that give a two-peak profile at the potentials of the SAMs constituents, they start
diffusing upon annealing. This movement increases the length of the interface offering a gain
in free volume and entropic freedom due to the differences in length and terminal group of
the two components. As the diffusion progresses the thermodynamically equilibrium phase is
achieved (D and E). The evolution of domains leads to nanoscale thermodynamic phases that
are described as micelles (E, left), prestripes (E, middle) or stripes (E, right). It is important to
understand how the thiols self-assemble and what structure and function may arise from such

self-assembly.
E

Figure 63. A cartoon of the general mechanism that was derived according to our observations and conclusions form

the electroreductive desorption and STM analysis. This cartoons represent a binary SAM onto a flat surface. The two
colors represent regions occupied by one type of ligand. The phase segregated phase of the non-annealed surface at (A)
which gives a two peak voltammogram at the reduction potentials of the homoligands verifying the presence of pure
ligand a and pure ligand b phases. Then by annealing there is a transition as seen at (B) and (C) with a three-peak
profile from the CV. The formation of micellar domains that are scattered over the surface or the prestripe or stripe
domains that can be received at the next step, where equilibrium has been achieved, at images (E) give a single peak

voltammogram with a peak at an intermediate potential. The sizes do not relate to actual dimensions

73






CHAPTER 5

5. Conclusions and Outlook

Conclusions

Self-assembled monolayers (SAMs) are molecular assemblies formed spontaneously on
surfaces by adsorption and are organized into domains. The study of the basic science of
SAMs that are composed of binary mixtures of molecules is the aim of this thesis. The surface
morphologies and kinetically trapped morphologies are being investigated. The effect of
thermal treatment of the SAMs inside degassed neat solvent (annealing) is evaluated. Upon
annealing, the evolution of the binary SAM was found to lead to new nanoscale
thermodynamic phases as indicated by electroreductive desorption studies. The new phases
were morphologically identified and found to depend on the choice of ligand and the

composition

Initially high quality single-component SAMs have been produced. The four different thiols
(OT, CN4T, NB4M and MPA) have been dissolved in degassed ultra pure toluene and SAMs
have been formed via immersion for 24 hours. The same incubation procedure has been
meticulously followed for all the prepared SAMs in this work. The extensive rinse with
toluene after the incubation, the drying under a flow of argon and the placement of the
substrates inside a vacuum desiccator ensured the resulting SAM to be free of physisorbed

thiols, solvent traces and other contaminants as verified by AFM imaging.

The resulted modified surfaces have been investigated with XPS, CV contact angle and STM. In
the case of all one-component SAMs XPS detected the gold substrate and the C, S, O elements.
In the case of the nitrogen containing monolayers the nitrogen has also been detected. STM
analysis of the one-component SAMs showed the ordered striped lying-down phase of the
alkanethiol SAM (OT). The other three thiols have resulted in non-ordered SAMs (amorphous
phase) with a high number of pits. No definitive answer has been given yet concerning the
reason of the pits. The most reported conclusion states that surface reconstruction leads to
these pits while providing the monolayer with adatoms as it forms. Cyclic voltammetry and
linear sweep voltammetry have been employed for the reductive desorption of the bounded

thiols. The difference in the peak potentials facilitates our studying of binary SAMs by this
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method since the qualitative analysis is possible. Although the intermolecular interactions can
alter the desorption potential, as it will be mentioned in the next paragraph. The coverage of
the thiols can be calculated from the reductive peak. The substrates (Au on mica) posed a
difficulty on coverage calculations via CV due to the reason that the immersed area of the
working electrode (modified Au on mica) cannot be precisely measured and it is different for
each analysis and each sample. The contact angle measurements revealed the hydrophobic
character of the OT-only SAM (~98°), the hydrophilic character of the MPA-only SAM (~64°)
but no great changes have been observed at the NB4M (~90°) and CN4T-only (~75°) SAMs.

Three different binary SAMs of OT:CN4T, OT:NB4M and OT:MPA at different feed ratios have
been produced. The XPS measurements of the N/S atomic percentage concentration versus
the feed ratios for the OT:CN4T and OT:NB4M determined the surface composition of the
prepared SAMs. The CV showed the two distinct separated peaks of the non-annealed binary
SAMs at the reductive potentials of the two constituting thiols, which indicates that each thiol
experiences the same environment as if it were in their own homoligand-coated surface. The
CV verifies that the two thiols phase separated on the Au surface into macro domains. The
relative composition of the thiols from the reductive peaks reveal a linear dependence with

the surface composition (ratio) from the XPS results.

A new series of one- and two-components SAMs that have been prepared at the same way as
described above, were immersed in a pressure-tolerant vial containing degassed neat toluene.
The vial was heated at a controlled temperature of 60°C for a dedicated amount of time. The
annealed one-component SAMs have been investigated by XPS, CV and contact angle and
verified that no desorption has taken place during the process. The reductive peak at the same
potential and the same contact angle has been received for the annealed one-component

SAMs. STM imaging of the samples have shown that the SAM is still present on the gold.

Annealing of the binary SAMs caused no noticeable decomposition or desorption of the
components. Surface composition via XPS showed no changes between the non-annealed and
annealed binary SAMs that have been immersed in the same feed ratio incubation solution.
The contact angle also when compared for different annealing times shows no great
differences. As hypothesised from simulation studies and seen on some publications,
annealing is expected to expedite the transformation of the phase separated domains into

thermodynamically equilibrium states. Upon annealing, the evolution of the binary SAM
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surfaces was found to lead to new nanoscale thermodynamic phases that were initially
suggested by CV. The two distinct CV peaks that where received on all non-annealed binary
SAMs have indicated the presence of phase segregated phases of the constituents. As the
annealing time increases the two-peak profiles are changing to three-peak profiles, with the
appearance of a new peak at an intermediate potential. The new peak is at a potential where
none of the thiols is expected to desorb and it has never been seen during the homoligand
SAMs electrochemical studies. The two peaks at the desorption potentials of the constituents
are diminishing as the annealing time increases and a single peak profile is received. At 14
days of annealing for the OT:NB4M the three-peak profile was received at almost all
compositions. The three-peak profiles were also received throughout the whole OT:MPA
series but the CV study consisted of samples whose annealing period has not exceeded the 20
days. The three peak profiles according to the literature indicated the presence of 3 phases.
The two pure phases of the components and one mixed phase of the two. After 20 days of
annealing the CV profiles of the annealed binary SAMs presented on almost all the OT:CN4T
and OT:NB4M SAMs a single peak at an intermediate potential, which suggests the change in
the morphology of the thiolated surface layer. The CV profiles remain unaltered (one peak at
an intermediate potential) upon further annealing of binary SAMs with the same composition.

The new phase is therefore the thermodynamically equilibrium phase.

The verification of the new equilibrium phase has been identified by STM. The new phases
were found to depend on the choice of ligand and the composition. In the case of OT:NB4M
near the 1:1 surface composition the equilibrium domains that have been received since day
20 of annealing, are caracterised as prestripes with an average of 5nm width and 20nm
length. At higher NB4M compositions the equilibrium domains are stripes with smaller width.
The OT:CN4T equilibrium domains at 20 days of annealing are characterised as micellar. The
evolution of the micellar domains at higher annealing times leads to stripes with an average

width of 3 nm.

The findings of this thesis are remarkable. Different pairs of thiols have proven that can be
lead to equilibrium phases via annealing. The process does not have any negative effect on the
SAM. The differences in length and terminal group are key factors that should be taken into
account in future binary SAMs studies. What is the most important finding is that the
transition to a new phase can be easily identified via CV. The new phase can be

morphologically identified in three types of nano-domains, for our three examined systems.
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As the annealing increases the nano-domains continue to evolve, in an effort to increase the

interface between the two chemisorbed thiols leading to elongated aligned domains.

Outlook

The work presented in this thesis has shown how nanostructured surfaces with a variety of
domains can be achieved. The established, in this thesis, framework will help surface
scientists to produce various surface patterns in binary SAMs. The next steps in binary SAMs
research could include the use of other pairs of thiols, following the same procedure as
presented here, in order to enrich the components list that self-assemble and result in nano-

domains.

The ultimate purpose of the researchers should be focused on constructing an experimental
phase diagram. Similar to the case of block-copolymers, an experimental phase diagram will
be a powerful tool in surface science. From the experience gained during my thesis, the
composition and annealing time are the key factors that lead to ordered nano-domains when
dissimilar thiols self-assemble onto a flat surface. A phase diagram will allow the production
of a variety of patterned surfaces with various thiols in order to ascribe new properties on a
solid surface. Special attention should be given to the fact that the type of the solvent and the
quality of the substrate must be taken into consideration since they are very important
elements in SAM formation. An improper solvent could affect the physisorption process and
might cause the selective desorption of a ligand during the annealing. A gold surface that is
polycrystalline will affect the thiol coverage and a flat Aul11 surface without large terraces
and a great number of atomic steps will disrupt the evolution of domains, affecting the

verification of the equilibrium morphologies.

Future studies on the same or similar systems can include Tip-enhanced raman scattering
(TERS) and STM-TERS since I believe it is a powerful technique that would offer further
understanding of the morphological changes that annealing is inflicting upon. The chemical
information from the nanodomains will allow the mapping of the surface and the distinction
between the phases. One last recommended future step is the study of binary SAMs that
instead of annealing, we apply small amounts of pressure. This approach might also speed up

the thiol diffusion and lead to nanodomain formation.
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The use of electrochemistry has proven to be a very powerful tool in phase separated SAMs.
The method can be applicable on thiolated coated gold nanoparticles as well. Publications and
preliminary results form our lab on non-water soluble binary NPs indicate that the
quantitative analysis of thiols is possible with electrochemistry. The future goal would be to
study whether it is possible to extract information on the domain sizes on binary NPs due to
phase separation as a complementary technique to STM and SANs. One weakness of the CV
setup that is employed here is that the water-soluble nanoparticles diffuse form the working
electrode (HOPG) making them impossible to measure. A solution might lie on the
construction of new electrochemical cell and the study of the electroreductive desorption of

the water soluble single or binary NPs dispersed in the electrolyte.

The terminal groups of the ligands used in this work serve as an excellent group for further
addition reactions. Initiators, conductive molecules and molecules that will bind to an analyte
can be added on the already patterned surface. As an SPM analyst I have the need for available
substrates that will immobilise the biomolecule or nanoparticle in such way that I can
perform better quality scans. The nano patterned binary SAMs of this thesis can be employed
for this purpose. Either by entrapment of the nanoparticle between the patchy or striped
geometries or by using binary SAM that can interact with the analyte forming a permanent of

temporary bond.

The alignment that has been observed in the case of stripes can serve as an excellent modified
substrate for molecular electronics. The attachment of a conductive molecule, selectively at
one of the chemisorbed thiols can create a molecular wire or an array of molecular wires that

will follow the pattern that we have. A very rough representation can be found at Figure 64.

Figure 64. As indicated by the black line, a continuous path of the binary SAMs can serve as a surface for molecular

electronics applications.

The homogeneity of the dimensions and spacing on the micellar or pre-stripes morphology

can enhance the binding abilities of the surface of a biomolecule or other analytes producing
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more efficient sensors. A patterned binary surface versus an amorphous one offers better
sensitivity and selectivity, repelling unwanted species of different geometries.
Electrochemical Impedance Spectroscopy and cyclic voltammetry are widely used to verify
and calculate the binding. Future efforts should first establish the domain sizes that can be
received or altered upon annealing of a binary SAM and then study the binding. The main
difficulty in the utilisation of thiol-gold systems as sensors lies to the deterioration of the
monolayer upon continuous exposure to aggressive bioactive media. The avoidance of acidic
or oxidative media is advised but the advancements on binary SAMs research will soon enable
the quick and massive production of patterned surfaces with controllable nano domains that

will solve the surface destruction issue.

Tailoring a surface with domains of specific sizes and terminal groups that provide bonding or
different wetting properties on the binary SAM could imitate the structure of proteins that
bind specific hormones. The surface now can be characterised as a biomimetic surface. The
ability to bind to hormones such as cortisol can be used for the early detection of Cushing
syndrome or liver cancer. The plethora of choices that are available by this biomimetc
approach are innumerable and the better control that we can now have over binary SAMs (as

discussed in this thesis) can assist more in the exploration of options.

Surface immobilized initiator or even better two types of initiators can be added in one
surface via bond formation and allow the formation of binary polymer brushes. The surface-
initiated controlled radical polymerisation has been significantly advanced over the last years.
The application of photo-mask and Y-shaped initiators has given the ability to scientists to
create binary polymer brushes but the use of binary SAMs and surface-initiated
polymerization could lead to brushes of various polymer thicknesses according to the domain

sizes.

A lot of researchers have done amazing things in surface science, but according to my opinion
the field lacks some basic understanding of key-points and mechanisms that denies them
absolute control over the potential morphologies or properties a binary or tertiary-
component coated surface can offer. This thesis has given us some control over

nanostructured surfaces. Greater things are coming.
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Appendix A

Reagents and Materials
All chemicals were purchased form Sigma-Aldrich (St.Louis, MO) and Acros Organics (West
Chester, PA) in the highest available purity and used without further purification. Anhydrous

toluene 99.8% from Sigma-Aldrich was used after purging with Argon gas for at least 1 hour.

The Au (111) surfaces were purchased from Phasis (Geneva). Gatalog # : 20020015, size: 8 x
4 mm? , The gold foil (200 nm thickness) is on top of high grade freshly cleaved mica without

the use of adhesives. The surfaces are ready to use, without any cleaning or flame annealing.

2. STM

The STM experiments were performed at room temperature using two different STM
instruments. i) a Veeco Multimode Scanning Probe Microscopy with E scanner in an acoustic
chamber sitting on a vibration damping table in air and ii) a Nanosurf easyScan 2 STM sitting
on a vibration damping table. Mechanically cut Platinum-iridium STM tips were used. Set
point currents were in the range of 40 pA to 400 pA with a voltage bias of 400-900 mV.
Integral gains varied from 0.7 to 0.5 and proportional gains from 0.5 to 0.2. STM in liquid
(phenyloctane) was performed only on Veeco multimode. All analysis and images are the
result of scanning after allowing the system to stabilise over night in order to avoid drifting

phenomena.

Image processing of the STM images was performed with the software Gwyddion. The images

were flattened and the height profiles were obtained by drawing line profiles using Gwyddion.

3. Electrochemistry

Cyclic Voltammograms (CV) measurements were performed with a Gamry-600 potentionstat
and a 3-electrode cell. A separate compartment for the reference electrode (Ag/AgCl (NaCl
3M)) and a fixed position for the working electrode (clamp for the Au(111) surfaces) and the
counter electrode (Pt foil). The 0.1 M KOH electrolyte was thoroughly deoxygenated by
sonication and Argon bubbling prior to each experiment. All measurements were made at a

sweep rate of 50 mV/s.

4. XPS
Analysis was performed using a monochromatic Al Ka X-ray source of 25.3 W power with a

beam size of 100 pm. The spherical capacitor analyser was set at 45° take-off angle with
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respect to the sample surface. The pass energy was 46.95-90 eV. Curve fitting was performed
using the PHI Multipak software. The binding energies are corrected by C(1s) at 284.6eV.
Sensitivity factors extracted from the MultiPak software are: Au4f=Area:6.805/Height:3.849,
C1s=Area:0.314/Height:0.314, Ols=Area:0.733/Height:0.733, N1s=Area:0.499/Height:0.499,
S2p=Area:0.717 /Height:0.650

5. Contact angle

Static contact angles were measured with OCA 35 from DataPhysics Instruments. Drops were
placed on the surface in room temperature. Multiple surfaces were used for the accumulation
of the values. The values are an arithmetic mean of at least 15 drops per sample. The error

bars at the plot come from the standard deviation of the measuments.

Sessile drop contact angles of water were measured on the used Au(111) substrates. The
value from 20 drops was found to be 71°. The value coincides that of other publications. It
should be noted that the theoretical value for a perfectly clean gold surface should be 0° but

this value has not been obtained
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Appendix B - additional STM images

#Large scans are presented with a ruler, smaller scan size images have a scale bar. Scale bar
corresponds to 20 nm, unless indicated otherwise with a number on the scale bar. The images

are categorized by thiol pair and at increasing annealing times.

OT:CN4T

93% 84% 64% 55% 45% 35% 15% CN4T

days

40
days

60
days

0.7 nm

100
days

ApB-Fig 1. STM images of OT:CN4T binary SAMs at different surface compositions (indicated at the top of the images)
and different annealing times (indicated at the left) taken from Chapter 3. The annealing times are indicated on the left

side panel. Set point current=50 pA and voltage bias=350 mV. Scale bar=20nm.
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OT:CN4T 20 days of annealing

0.00 pm 0.05 0.10 0.15 0.20

Zoom in

—

ApB-Fig 2. 64% CN4T - 20days STM image. Set point current=50 pA and voltage bias=400 mV

0.00 ym 0.05 0.10 0.15 0.20

Zoom in

ApB-Fig 3. 55% CN4T - 20days STM image. Set point current=50 pA and voltage bias=400 mV
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Zoom in

Zoom in

—

ApB-Fig 5. 35% CN4T - 20days STM image. Set point current=50 pA and voltage bias=400 mV
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ApB-Fig 6. 15% CN4T - 20days STM image. Set point current=50 pA and voltage bias=400 mV

0.6 nm



OT:CN4T 40 days of annealing

Zoom in

ApB-Fig 7. 93% CN4T - 40days STM image. Set point current=50 pA and voltage bias=400 mV

0.00 pm 0.05 0.10 0.15 0.20

ApB-Fig 8. 84% CNA4T - 40days STM image. Set point current=50 pA and voltage bias=400 mV
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0.00pm 0.02 004  0.06

ApB-Fig 9. 64% CN4T - 40days STM image. The arrow indicates the moment of angle change (300 ) during one scan to

show that the orientation of the stripes followed the change Set point current=50 pA and voltage bias=400 mV

Zoom in

100

ApB-Fig 10. 45% CN4T - 40days STM image. Set point current=50 pA and voltage bias=400 mV



Zoom in

ApB-Fig 11. 35% CN4T - 40days STM image. Set point current=50 pA and voltage bias=400 mV

ApB-Fig 12. 15% CN4T - 40days STM image. Set point current=50 pA and voltage bias=400 mV
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OT:CN4T 60 days of annealing

0.00 pm 0.05 : 0.15

ApB-Fig 13. 64% CN4T - 60days STM image. Set point current=50 pA and voltage bias=400 mV
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ApB-Fig 14. 45% CN4T - 60days STM image. Set point current=50 pA and voltage bias=400 mV
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Zoom in

ApB-Fig 15. 35% CN4T - 60days STM image. Set point current=50 pA and voltage bias=400 mV

OT:CN4T 100 days of annealing

B
£
S
<]
N

ApB-Fig 16. 85% CN4T - 100days STM image. Set point current=50 pA and voltage bias=400 mV
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OT:MPA

HS "N
(o]

HS/\)J\OH

0.8 nm

ApB-Fig 17. STM images of binary OT:MPA SAMs annealed for 5 days. The feed ratio of the mother solution during the
incubation for the presented sample was: A=1090, B=2080, C=5050, D=8020, E=9010 %. Set point current=50 pA and

voltage bias=450 mV. The scale bar is 20nm, unless specified otherwise.

ApB-Fig 18. STM image of the OT:MPA 20:80 binary SAMs at different annealing times: 5days, 10 days, 20 days and 70
days

0.7 nm

ApB-Fig 19. STM image of the OT:MPA 50:50 binary SAMs at different annealing times: 5days, 7 days, 10 days, 30 days.
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0.5 nm

ApB-Fig 20. STM image of the OT:MPA 80:20 binary SAMs at different annealing times: 5 days, 10 days, 20 days

OT:MPA 10:90

ApB-Fig 21. OT:MPA 1090- 5 days STM image. Set point current=60 pA and voltage bias=500 mV

OT:MPA 20:80

ApB-Fig 22. OT:MPA 2080- 5 days STM image. Set point current=60 pA and voltage bias=500 mV
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ApB-Fig 23. 0T:MPA 2080- 70 days STM image. Set point current=60 pA and voltage bias=500 mV

OT:MPA 50:50

ApB-Fig 25. 0T:MPA 5050- 7 days STM image. Set point current=60 pA and voltage bias=500 mV

1.4 nm

0.6 nm
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OT:MPA 80:20

0.6 nm

Zoom in

—

466 pm

1.2 nm

ApB-Fig 27. OT:MPA 8020- 10 days STM image. Set point current=60 pA and voltage bias=500 mV
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1.1 nm

Zoom in
Zoom in

ApB-Fig 28. OT:MPA 8020- 20 days STM image. Set point current=60 pA and voltage bias=500 mV

OT:MPA 90:10

1.1 nm

ApB-Fig 29. OT:MPA 9010- 5 days STM image. Set point current=60 pA and voltage bias=500 mV

109



OT:NB4M
HS/\/\/\/\

HS@NOZ
II 30% 50% 60% 70% NB4M I
’( ¥ -

20
days

40
days

1.2 nm

90
days

ApB-Fig 30. STM images of the annealed binary SAMs of OT:NB4M from chapter 4 (the surface ratio of NB4M is
indicated on the top rectangular). The annealing times are indicated on the left side panel. Set point current=50 pA and

voltage bias=350 mV. Scale bar=20nm.

Additional images of the OT:NB4M binary SAMs are presented below, in order to assist with

the discussion and the conclusive results.
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OT:NB4M 20 days of annealing

ApB-Fig 32. 58% NB4M - 20days STM image. Set point current=50 pA and voltage bias=400 mV
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47% NB4M — 20days
0.00 pm 0.05 0.10 0.15 0.20

ApB-Fig 33. 47% NB4M-20days STM image. Set point current=50 pA and voltage bias=400 mV

OT:NB4M 40 days of annealing

67% NB4M — 40days
0.00pm 0.02 0.04 0.06 0.08 0.10 0.12

0.02 B
0.04
0.06
0.08
0.10 [§

0.12

ApB-Fig 34. 67% NB4M-40days STM image. Set point current=50 pA and voltage bias=400 mV
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58% NB4M — 40days

1.2 nm

Zoom in

ApB-Fig 36. 30% NB4M-40days STM image. Set point current=50 pA and voltage bias=400 mV

OT:NB4M 90 days of annealing

0.8 nm

ApB-Fig 37. 47% -90days STM image. Set point current=50 pA and voltage bias=400 mV
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Appendix C

Electroreductive desorption voltammograms of OT:CN4T binary SAMs.

Plots of peak potential as a function of CN4T percentage in the SAM, at different annealing

times
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ApndxC Figure 1. Dependence of the peak potentials on the surface composition divided in 4 plots according to the

annealing time.
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Table 2. FWHM of the OT:CN4T binary SAMs

OT CN4T OT CNAT
0 days fwhm OT (mV) fwhm CN4T (mV) | 20 days fwhm new phase(mV)
78% 140 90 65% 88
60% 80 76 55% 52
44% 120 100 35% 44
35% 112 70 25% 80
24% 120 84
OT CN4T OT CNA4T
40 days fwhm new phase(mV) 60 days fwhm new phase(mV)
93% 52 65% 60
55% 41 35% 50
35% 50 15% 60
25% 42
o 0 days of annealing 8 20 days of annealing
% o N - o %-0.8 ¢ N
%{-0.9 %{-0.9 # ﬁ #
: 1.1 © 0T reduction potential : 11 © OT reduction potential
- ’ Hnew peak
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ApndxC Figure 2. Dependence of the peak potentials on the surface composition divided in 4 plots according to the
annealing time. The error bars represent the +/-HWHM of the peak at the intermediate potential (new phase)

according to the calculated values of FWHM
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CN4T only

MW
/v 2080 (78%) 0 days

4060 (61%) 0 days

6040 (44%) 0 days

j UA

7030 (34%) 0 days

9010 (24%) 0 days

112 uA

10 -0.5
E Vs (Ag/AgCl 3M)

ApndxC Figure 3. voltammograms of the OT:CN4T binary SAMs, different surface compositions non-annealed. Analysis

in 0.1 KOH degassed electrolyte. Scan rate 50mV/s.
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CNA4T only

OT only

4060 (64%) 20days

5050 (55%) 20days

j UA

7030 (35%) 20days

8020 (25%) 20days

-1.0 0.5
E Vvs (Ag/AgCl 3M)

ApndxC Figure 4. Voltammograms of the OT:CN4T binary SAMs, different surface compositions annealed for 20 days.
Analysis in 0.1 KOH degassed electrolyte. Scan rate 50mV/s.
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CNA4T only

/\f 1090 (93%) 40days

5050 (55%) 40days

7030 (35%) 40days

8020 (25%) 40days
N : ; 1

120 uA
-1.0 -0.5

E Vs (Ag/AgCl 3M)

ApndxC Figure 5. Voltammograms of the OT:CN4T binary SAMs, different surface compositions annealed for 40 days.
Analysis in 0.1 KOH degassed electrolyte. Scan rate 50mV/s.
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CNA4T only

OT only

4060 (65%) 60days

7030 (35%) 60days

9010 (15%) 60days

1.0 05

E Vvs (Ag/AgCl 3M)

ApndxC Figure 6. Voltammograms of the OT:CN4T binary SAMs, different surface compositions annealed for 60 days.

Analysis in 0.1 KOH degassed electrolyte. Scan rate 50mV/s.
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Electroreductive desorption voltammograms of OT:NB4M binary SAMs.

HS/\/\/\/\

HSONOZ

Plots of peak potential as a function of NB4M percentage in the SAM, at different annealing

-1.1

© OT reduction peak
D new peak

NB4M reduction peak

-1.1

© OT reduction peak
D new peak

NB4M reduction peak

times
-0.6 . -0.6 .
0 days of annealing 14 days of annealing
-0.7 - 0.7
3 ‘ 8 8 2 ' '
3 08 3508
< <
g g
2 2
= 0.9 = =09
¢
2 ® ® 2 ® ® ® ¢
s ¢ ¢ ]
= =
3 3
© OT reduction potential
11 -1
© 0T reduction potential D new peak
NB4M reduction potential NB4M reduction peak
-1.2 + 1.2 +
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
% NB4M % NB4M
-0.6 . -0.6 .
20 days of annealing 40 days of annealing
0.7 A - -0.7
(=} - (=} h
< <
308 308
< <
"
=00 w = 509 8]
3 = 7] =] wE U 3 = [™] w
x -1 x -1
. .
| ( | (
0 0

10 20 30 40 50 60 70 80 90
% NB4AM

100

10 20 30 40 50 60 70 80 90
% NB4AM

100

ApndxC Figure 7. Dependence of the peak potentials on the surface composition divided in 4 plots according to the

annealing time.
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Table 3. FWHM of desorption peaks of OT:NB4M binary SAMs

OT NB4M OT NB4M
0 days fwhm OT(mV) fwhm NB4AM(mV) | 15 days fwhm new phase(mV)
87% 108 140 68% 78
72% 82 broad 48% 74
68% 120 200 30% 74
30% 98 190 18% 80
18% 125 122
OT NB4M OT NB4M
20 days fwhm new phase(mV) 40 days fwhm new phase(mV)
97% 60 87% 52
87% 80 72% 50
82% 76 60% 52
80% 56 40% 49
72% 58 30% 36
60% 55 18% 50
48% 66
30% 52
oe 0 days of annealing % 14 days of annealing
o a & o a 2 a
% -0.8 ) - %—0.8
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ApndxC Figure 8. Dependence of the peak potentials on the surface composition divided in 4 plots according to the
annealing time. The error bars represent the +/-HWHM of the peak at the intermediate potential (new phase)

according to the calculated values of FWHM after Gaussian fitting.
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2080 (87%) 0 days

5050 (72%) 0 days

6040 (68%) 0 days

9010 (30%) 0 days

j UA

955 (18%) 0 days

EUA

L N ! ; J
-1.0 -0.5 0.0

E Vs (Ag/AgCl 3M)

ApndxC Figure 9. oltammograms of the OT:NB4M binary SAMs, different surface compositions non-annealed. The two
dotted lines indicate the desorption potential of the OT (left) and NB4M (right) single SAMs. Analysis in 0.1 KOH

degassed electrolyte. Scan rate 50mV/s.
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6040 (68%) 15days

8020 (48%) 15days

9010 (30%) 15days

j UA

95 5 (18%) 15days

) 1 1 | 1 |
-1.0 -0.5 0.0

' E Vs (Ag/AgCl 3M)

ApndxC Figure 10. Voltammograms of the OT:NB4M binary SAMs, different surface compositions annealed for 15 days.
The two dotted lines indicate the desorption potential of the OT (left) and NB4M (right) single SAMs. Analysis in 0.1 KOH
degassed electrolyte. Scan rate 50mV/s.
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2080 (87%), 20days

2575 (82%) 20days

3070 (80%) 20days

5050 (72%) 20days

j UA

7030 (60%) 20days

8020 (48%) 20days

9010 (30%) 20days

@0 uA

1 . L . 1 . 1
-1.5 -1.0 -0.5 0.0

E Vvs (Ag/AgCl 3M)

ApndxC Figure 11. Voltammograms of the OT:NB4M binary SAMs at different compositions annealed for 20 days. The

two dotted lines indicate the desorption potential of the OT (left) and NB4M (right) single SAMs. Analysis in 0.1 KOH

degassed electrolyte. Scan rate 50mV/s.
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2080 (87%) 40 days

5050 (72%) 40 days

7030 (60%) 40 days

8515 (40%) 40 days

j UA

9010 (30%) 40 days

95 5 (18%) 40 days

L ' l: i 1 L |
1.5 -1.0 05 0.0

E Vs (Ag/AgCl 3M)

ApndxC Figure 12. Voltammograms of the OT:NB4M binary SAMs at different surface compositions, annealed for 40
days. The two dotted lines indicate the desorption potential of the OT (left) and NB4M (right) single SAMs. Analysis in
0.1 KOH degassed electrolyte. Scan rate 50mV/s.
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Electroreductive desorption voltammograms of OT:MPA binary SAMs.

Hs/\/\/\/\
o
HS/\)J\OH
Plots of peak potential as a function of OT:MPA feed ratio in the SAM, at different annealing
times
L : S O :

............. g Oaysof anneating Oays of anneating

ApndxC Figure 13. Dependence of the peak potentials on the annealing time surface composition divided in 4 plots

according to the feed ratio of the OT:MPA binary SAM.

OT only

MPA only

OT:MPA 2080

OT:MPA 5050
,/W
/ g

OT:MPA 8020

n ! . 1 .
-1.0 -05

E Vs (Ag/AgCl 3M)

ApndxC Figure 14. Voltammograms of the OT:MPA binary SAMs at different surface compositions, annealed for 0 days.
Analysis in 0.1 KOH degassed electrolyte. Scan rate 50mV/s.

127



-1.0 -0.5
E Vs (Ag/AgCl 3M)

ApndxC Figure 15. Voltammograms of the OT:MPA binary SAMs at different surface compositions, annealed for 5 days.
Analysis in 0.1 KOH degassed electrolyte. Scan rate 50mV/s.
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OT only

MPA only

//T 2080 1day

2080 5days

2080 10 days

2080 20 days

-1.0 -05
E Vvs (Ag/AgCl 3M)

ApndxC Figure 16. Voltammograms of the OT:MPA binary SAMs at 2080 surface composition, annealed for various

times. Analysis in 0.1 KOH degassed electrolyte. Scan rate 50mV/s.
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OT only

MPA only

5050 0 days

5050 5 days

5050 7 days

1.0 -0.5
E Vvs (Ag/AgCl 3M)

ApndxC Figure 17. Voltammograms of the OT:MPA binary SAMs at 5050 surface composition, annealed for various
times. Analysis in 0.1 KOH degassed electrolyte. Scan rate 50mV/s.
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8020 1day

8020 S5days

/\/f/ :

8020 20days
~

112 uA

! !
-1.0 -0.5

E Vs (Ag/AgCl 3M)

ApndxC Figure 18. Voltammograms of the OT:MPA binary SAMs at 8020 surface composition, annealed for various
times. Analysis in 0.1 KOH degassed electrolyte. Scan rate 50mV/s.

OT only
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ApndxC Figure 19. OT:MPA 9010 at 5 days of annealling (left). 0T:MPA 1090 at various annealling times (right)
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