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Abstract

The precise organization of nano-objects into well-defined patterns at surfaces and
interfaces is of increasing importance in nanoscience research. Among the existing
nanopatterning approaches, molecular self-assembly provides a highly accurate, efficient, and
potentially low-cost “bottom-up” route to create complex nano-patterns with immense
flexibility in terms of nanoscale building blocks. The structure and functionality of molecular
building blocks define the type of interactions that are involved in the formation of the molecular
pattern and in the templating process. This Thesis combines the high hierarchical order offered
by physisorbed self-assembled molecular networks (SAMNS) and the enhanced stability gained
from chemisorbed self-assembled monolayers (SAMSs). The result is robust and/or versatile 2D
molecular monolayers that can be applied to the template-directed formation of organic and
inorganic nanostructures.

The first part of this Thesis explores the use of a new tridentate thiol for the formation of
SAMs with long-term stability on Au(111). This design is based on a benzene ring substituted
with three methylthiol groups in alternation with three alkyl chains. The molecular orientation
and long-range order of these SAMs depend on the length of the alkyl chains.

Physisorbed SAMN for nanopatterning of gold nanoparticles were prepared using a p-
dialkoxybenzene SAMN modified-HOPG substrate. The observed templating effect is based on
van der Waals interactions between the alkyl chains of the SAMN and AuNP. The assembly
efficiency is greatest when these chains are of similar length.

The dynamics of Ces assembly onto SAMs of benzenethiols (BT) and
penfluorobenzenthiols (PFBT) were been studied. The electronic properties of these SAMs
directly affect the growth kinetic of C4 overlayers.

The study of physisorbed [Ceo]fullerene multicarboxylic acids on an Au (111) substrate
identifies the important role of molecule-substrate interactions and the intermolecular hydrogen
bonding in the formation of a 2D assembly. The possibility of tuning the molecule-Au
interaction was demonstrated using a PFBT-modified Au substrate. The dimensionality of the
resulting [Ceo]fullerene multicarboxylic acids monolayer (1D vs 2D) was shown to depend on

the number of malonic acid functionalities present.



Résumeé

L'organisation précise des nanostructures sur des surfaces et des interfaces est d’une
importance croissante en nanotechnologie. Parmi les différentes méthodes de nano-
structuration, 1’auto-assemblage des molécules présente une approche ascendante précise,
efficace et moins onéreuse pour créer des nano-motifs complexes avec une grande flexibilité en
composantes moléculaires. Dans cette approche, la structure et la fonctionnalité des molécules
définissent le processus de nano-structuration ainsi que le type d'interactions impliquées dans la
formation des motifs moléculaires. La présente thése a pour objectif de combiner la grande
flexibilit¢ des monocouches moléculaires physisorbées (SAMNSs) et la stabilité des
monocouches moléculaires chimisorbées (SAM) afin de créer des nano-motifs robustes et / ou
polyvalents. Ces nano-motifs moléculaires seront utilisés par la suite pour guider la nano-
structuration des entités organiques et inorganiques.

La premiére partie de la these étudiée 1’auto-assemblage d’une molécule thiolée et
tridentée sur le Au(111) dans le but de former des SAMs avec une meilleure stabilité. Cette
molécule comporte un cycle benzénique ayant des substituants méthyl thiols aux positions 1,3,5
et des chaines alkyles aux positions 2,4,6. La caractérisation des résultantes SAMs démontre
une étroite dépendance entre 1’orientation et I’ordre moléculaire des SAM et la taille des chaines
alkyles.

La deuxieme partie de la thése explore la nano-structuration des nano-particules d’or sur
une monocouche de p-dialcoxybenzene physisorbée sur le graphite. Cette étude démontre que
des interactions de type van der Waals entre les chaines du motif moléculaire et le ligand des
nanoparticules d’or guident le processus de nano-structuration. De plus, cette nano-structuration
est optimale lorsque ces deux chaines sont de méme longueur.

La troisieme partie de la thése analyse la dynamique du Ceo Sur une SAM de benzenethiols
(BT) et de pentafluorobenzenethiols (PFBT). Nos résultats démontrent que les propriétés
électroniques de ces SAMs ont une répercussion directe sur la croissance des monocouches de
Ceo. Dans la derniere partie de la thése, 1’adsorption des dérivées de fulleréne (Ceo) ayant des
groupements carboxyliques sur Au (111) met en évidence le rdle important des interactions
molécule-substrat et des liaisons hydrogenes intermoléculaires dans la formation et la structure
de I'assemblage (1D vs 2D).
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Introduction

The ability of building blocks with chemical and structural complementarity to self-
assemble into complex structures is ubiquitous in Nature. Proteins, viruses, cells are examples
of advanced biological self-assembled structures at the nano- and micrometre scale.

Designing nature-inspired materials via molecular self-assembly has been a central focus
in nanoscience. Consequently, a variety of nanostructures with intriguing functionalities and
wide spectrum of properties have been successfully synthesized. Nanostructures with different
dimensionality (OD nanoparticles, 1D chains, 2D sheets, and 3D frameworks with nanoscale
cavities) were developed for potential application in catalysis, drug delivery, thin film based
organic electronic devices, etc.!

Since the emergence of nanotechnology in the 1990s, molecular self-assembly on surfaces
has been considered as a “next generation” nanopatterning method.>?# This highly accurate,
efficient, and low-cost “bottom-up” approach provides a flexible and efficient way to create
complex structures and patterns of nano-objects with sub-nanometer precision, over an extended
length scale.>® A plethora of molecular patterns have been created through molecular
chemisorption or physisorption and explored for the templating of various nanomaterials.

Despite the exciting development of molecular self-assembly and its application in 2D
templating, many challenges still remain ahead. The subtle, multifaceted, and cooperative
character of molecular-substrate and intermolecular interactions that governs molecular self-
assembly makes rational control of such nanopatterning challenging. In fact, many if not most
of the novel molecular networks have been discovered serendipitously rather than by design.
Thus, further control of these interactions is imperative for further progress toward the
systematic engineering of 2D supramolecular networks in a “preprogrammed” fashion.

Depending on the nature and strength of molecule-substrate interactions, molecules might
covalently bind to the substrate forming chemisorbed self-assembled monolayer (SAMs) or
weakly adsorb on the substrate resulting in a physisorbed molecular network (SAMNS). The use
of SAMs and SAMN in nanopatterning organic molecules is well established in literature.!24
In contrast, little efforts have been devoted to templating inorganic nanostructures (e.g. metal,
semiconductors, quantum dots), although their intrinsic physical and chemical properties make
them highly attractive for technological applications. For example, gold nanoparticles (AuNPs)
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can exhibit a range of desirable electronic, magnetic, and optical properties when templated into
well-defined 2D structure.’

The main objective of this Thesis is to combine the high hierarchical order of physisorbed
monolayers and the enhanced stability offered by chemisorbed molecules for the creation of
robust or/and versatile 2D molecular networks for templating organic and inorganic
nanostructures. The key milestones toward achieving this objective were: (i) Design of
molecular building blocks that self-assemble on Au(111) and HOPG substrate through various
molecule-substrate and intermolecular interactions; (ii) in-situ study of the dynamic of the
assembly process and the structural properties of the resulting 2D monolayer at liquid-solid
interface; (iii) investigation of the templating ability of these molecular networks for Ceo and
AUNPs.

In Chapter 1 the basic principles and the general concepts behind molecular self-assembly
are introduced. Some examples of using these molecular networks in directing the assembly of
organic and inorganic guest entities are then highlighted.

Chapter 2 investigates tridentate thiols for binding to an Au substrate The use of alkyl
substituents with different lengths allows for tuning of the lateral structure/periodicity of the
monolayer. The use of physisorbed SAMN for nanopatterning gold nanoparticles (AuNPS) is
studied in Chapter 3. Specifically, a physisorbed lamellar pattern formed by adsorption of p-
dialkoxybenzene derivatives onto HOPG is used as molecular template for AuNPs. In this study
the templating effect is based on van der Waals interactions of the alkyl chains of the SAMN
and AuNPs, and the assembly efficiency is shown to be greatest when these chains are of similar
length. Chapter 4 explores the use of SAMs of benzenethiol and its perfluorinated derivative for
controlling the adsorption of a subsequent layers of Ce. The electronic properties of these SAMs
directly affect the growth kinetic of Ce overlayers. Finally, in Chapter 5, the assembly of
[Ceo]fullerene multicarboxylic acids on Au (111) and SAM-modified Au(111) demonstrates the
interplay of the molecule-substrate interactions and the intermolecular hydrogen bonding in the
formation of 2D assembly of fullerene derivatives. Chapter 6 outlines the results obtained in this
Thesis as well as directions for future work.

Overall, these studies highlight the great potential of merging the fields of chemisorbed
SAMs and self-assembled molecular networks (SAMNSs) in advancing surface nanoscience and
related nanotechnology applications.

12



Chapter 1. Self-Assembled Molecules and their Application
to Nanopatterning

1.1 Mechanism of molecular self-assembly

Molecular self-assembly is defined as the spontaneous organization of molecules into
aggregates by non-covalent interactions under thermodynamic equilibrium without the
intervention of external forces.! At solid surfaces, molecular self-assembly is governed by
delicate balance of molecule—-molecule and molecule—substrate interactions. More specifically,
molecule-substrate interactions drive the adsorption of molecules onto the substrate. They can
then diffuse and reorganize into ordered structures so as to maximize intermolecular
interactions. This mechanism requires a kinetic energy (Ex) of the adsorbate molecules that is
sufficiently high to overcome the diffusion barrier (Eq), but not exceed the binding energy (Eb)
so as to avoid desorption. On the other hand, the intermolecular interaction energy (Einter) must
be lower than Ep and slightly greater than Ex to ensure the formation of an ordered equilibrium

structure. These conditions can be summarized as follow Ep > Einter > Ex >Eq. (Fig. 1.1)
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Figure 1.1. (a) Schematic representation of molecular self-assembly. E; is the binding energy of the
molecules to the surface, Einer is the intermolecular interaction energy, Ex is the Kinetic energy of the
molecules. Eq is the diffusion barrier. (b) Energy diagram showing energy requirement for molecular
self-assembly formation (Eb> Einer > Ex> Eg). (¢) Schematic potential energy diagram illustrating the
difference between physisorbed and chemisorbed species. Adapted from ref. 8 with permission.

Two types of adsorption are commonly recognized in molecular assemblies, depending
on the extent to which the electronic or bonding structure of the attached molecule is affected.
Physisorption occurs when molecules adsorb onto the substrate through weak interactions (e.g.
dispersion forces), without any significant change in their electronic structure. Chemisorption
occurs when molecules are bound to the substrate through strong chemical interactions
(covalent, metallic, and ionic). This is typically accompanied by a significant change in the

electronic structure of the adsorbate as well as the surface.
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1.2 Brief historical background

The last three decades have witnessed a great interest in molecular self-assembly, although
the subject has fairly old roots (Fig. 1.2). At the end of 18" Century, Franklin’s experiments on
the calming effect of an oil film on a water surface were the first known molecular self-assembly
experiment at an interface.® The first truly quantitative study of amphiphilic molecules
monolayers was reported by Agnes Pockels in 19th century. Pockels reported direct
measurements of the surface tension of a liquid and a compression-induced phase transition
curve of a molecular monolayer at air-water interface in what is known today as compression
isotherm.°

One of the major contributions to organic monolayers field was made by Irving Langmuir
in 1917, who systematically measured the surface tension and surface pressure of numerous
organic oils on water and provided a new understanding of monolayer structure at the molecular
level, in particular the preferential orientation and ordering of molecules at interfaces.!* Two
decades later, Katharine Blodgett demonstrated that multilayer films can be synthesized by
repeatedly dipping solid substrates into suitable polar liquids.? This constitutes the foundation
of the Langmuir-Blodgett technique. This technique was later used by Timmons, Zisman and
other®3 to transfer amphiphilic molecules such as fatty acids to metals and metal oxide surfaces.

Three breakthroughs in the mid 1980°s completely changed the face of molecular
monolayer research: (i) the invention of scanning tunnelling microscopy (STM), a tool that
allows one to visualize, characterize and even manipulate single atoms and molecules on
metallic surfaces,'* (ii) the pioneering work of Nuzzo and Allara on the formation of SAMs of
thiols on gold,™ and (iii) the emergence of the 2D crystal engineering via supramolecular

interactions.t®
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« Extrs® of a Letter from Mr, TRNONAGEL to
« Count BENTINCK, dated at Butavia the sth
“ of January 1770.

«¢ Near the iflands Paul and Amfterdam, we met
« with a ftorm, which had nothing particular in it
« worthy of being communicated to you, except
«¢ that the captain tound himfelf obliged, for great-
«« er fafety in wearing the fhip, to pour ail into the
¢ fea, toprevent the waves breaking over her, which
“< had an excellent cffe&, and fucceeded in prefery-
¢ ing us. — As he poured out but a little at a time,
¢« the Eaft India company owes perhaps its fhip to
“ only fix demi-aumes of oil olive. I was prefent
“ upon deck when this was done ; and I fhould not
*« have mentioned this circumftance to you, but that
¢ we have found people here fo prejudiced againft
4« the experiment, as to make it neceffary for the
« officers on board and myfelf to give a certificate of
¢« the trath on this head, of which we made no
¢ difficulty.”

1770 1807 1917 1938 1981 1983

SURFACE PRESSURE

AVERAGE AREA PER MOLECULE

Figure 1.2. Timeline showing key milestone discoveries in the field of molecular self-assembly. From
left to right. A letter sent to Benjamin Franklin discussing the possibility that oil could calm the high
seas. A simplified compression isotherm discovered by Pockels. The instrument invented by Irving
Langmuir to measure the pressure of organic oils on water. Photograph of Katharine Blodgett
demonstrating an early version of the Langmuir—Blodgett experiment. First STM image of molecules
showing benzene monolayer on Rh(111) substrate. Self-assembled monolayer of organothiol molecules
on Au. Adapted from ref. 16,17 with permission.

1.3 Self-assembled monolayers of thiols on gold (SAMs)

1.3.1 Molecular design

A SAM is a monomolecular thin film that forms on top of an inorganic surface (metals,
metal oxides and semiconductors) upon adsorption of organic molecules. SAM formation is
induced by the affinity between the polar group (head group) of the organic molecule and the
substrate. The molecular backbone of the organic molecule (the spacer) contributes to the
organization and the structure of the resulting SAM by favoring inter-molecular interactions.
The terminal functional group determines the surface properties of the SAMs (Fig. 1.3).

Different molecular designs for SAMs have been reported and summarized in many

literatures reviews.*®° Generally, organothiols are among the most commonly used molecules
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for SAMs. Through the strong interaction between the thiol functional group and gold (38 - 45
kcal/mol), stable and well-ordered SAM can be formed.*®

a b \‘j

Functional group A /

Molecular Spacer

— iLidijil,

rd
M \ | \

h!':ﬂ
e

Figure 1.3. (a) SAM preparation from liquid phase and components of a SAM molecule. (b) Different
steps taking place during the self-assembly of alkanethiol on Au(111). From top down: Physisorption of
alkanethiol on Au(111) in a lying down configuration, reorientation of lying down molecules to a
standing up arrangement, and close packing of the chemisorbed molecules.

1.3.2 Thiol SAMs preparation and mechanism of formation

SAMs are readily formed by adsorption of an organothiols (alkanethiol, disulfide, thiol
acetate, etc) from either liquid or gas phase, onto metal substrate. A common experimental
protocol for their formation involves immersion of a clean gold substrate in a millimolar organic
solution of a thiol for a period of time ranging from a few seconds to a few days.'®?! This
protocol generally yields a reproducible homogeneous SAM. Nevertheless, the formation of a
well-ordered SAM is affected by a number experimental factors including solvent,
concentration, temperature, immersion time, oxygen concentration, and exposure to light.??

Although SAMSs have been a subject of intense research for more than three decades,*>?
their formation mechanism is still not completely understood. A simple picture of the assembly
process, involves an initial physisorption step where the molecule is weakly adsorbed on the
surface in a lying down configuration. This lying down configuration maximizes the interactions
with the surface through multiple CH>...Au van der Waals contacts, plus Au-S interaction. A

reorientation of the adsorbed molecules occurs when the coverage exceeds a critical density.
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The standing up configuration is followed by a tight packing of the chemisorbed molecules,
aided by chain-chain interactions.?4?°

The exact process of S-H scission, the fate of the hydrogen (H™ or Hy) and the nature of
the S-Au bond are still in question.®?! It was commonly accepted that upon adsorption on Au
substrate the S-H is converted, via a dissociative adsorption pathway, to a thiolate (S°) which
forms a strong bond with Au. The hydrogen atom would then be lost via a recombinative

desorption as Hp. 1920220

CH3(CH2)nSH + Au — (CH3(CH2)nSH)physAU (11)

(CH3(CH2)nSH)physAu — CH3(CH2)nS—Au + 1/2H; (1.2)

However Paik et al.?” have shown that in solution the mechanism more likely involves a

sequence of electron transfers and the hydrogen desorbing as H".

CHs(CH2)nSH + Au — CH3(CH2)nS-Au + H* + & (1.3)

Another controversial issue in SAM research is the nature and structure of the S-Au bond, even
for the simple V3 x V3 R30° lattice. (Fig. 1.4c) Different adsorption sites have alternatively been
proposed as the energetically most favoured for alkanethiol adsorption including hcp, fcc
hollow, and bridge. More recently a new model considering gold reconstruction and adatom
formation has been proposed.?®

1.3.3 Thiol SAM surface structures

a) Grammar of epitaxy
The notation of Wood is commonly used to describe the registry of the adsorbates with
the underlying substrate.?® The relationship between the lengths of the basic translation vectors

of the superlattice of the adsorbate aa, ba and those of the substrate as, bsis expressed as:
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a b
S(hkl) — (a—’: x b_D X Rat

(1.4)

Where S is the chemical symbol of substrate, (hkl) are the Miller indices describing the

24 % I;—A) describe the angle and

crystallographic orientation of the substrate surface, Ra and (a
S S

ratio between the unit cell vectors of adsorbate and substrate respectively. In some cases the
characters c and p are used for centred and primitive unit cells respectively.

A more general way to describe superstructures is the matrix notation proposed by Park
and Madden.® In this notation the adsorbate vectors (aa, ba) are independently defined as linear

combinations of (as, bs) and these relationships are expressed in a matrix format.

M= (M11 Mlz) (1.5)
MZl MZZ

aA = Mllas + MleS (16)

bA = M21as + MZZbS (17)

b) Structure of alkanethiols on Au(111)

Alkanethiols on an Au(111) surface are used as a well-defined system to understand in
detail the structural properties of SAM. A striped phase of alkanethiols has often been observed
at low molecular coverage (0= 0.27 ML, 1 ML=4.62x10'* molecules/cm?), usually obtained
either by partial desorption of the dense phase or by immersion of an Au substrate in a dilute
solution of thiols for a short period of time.3%% This phase is described by a (p x V3) structure,
where p is an integer that depends on the length of the chain (Fig. 1.4a.b). 3

On the other hand, at high coverage (®= 1 ML) the molecules form a close packed phase
with a (V3 x V3) R30° structure. This is characterized by a standing-up orientation of molecules
with a tilt from the surface normal direction (30° - 35°) and an intermolecular separation of ~

0.5 nm. This structure is typically characterized by a c(4 x 2) superlattice (Fig. 1.4c.d).?>3!
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close packed phase (c, d) of alkanethiol SAMs. Adapted from ref. 34 with permission.

c) Structure of fluorinated alkanethiols on Au(111)

Fluorinated alkanethiols are widely used for tailoring the physical and chemical properties
of surfaces such as friction,® wettability,%® work function®” and capacitance.®® In fluorinated
alkanethiol SAMs, the rigid fluorocarbon tails are densely packed and form a hexagonal lattice
with a nearest-neighbor distance of ~5.8 A (Fig. 1.5a, b). This greater lattice spacing is
attributed to the large van der Waals diameter of perfluorocarbon chains (5.67 A)%* as compared
to ~5 A for alkyl chains. This results in a p(2 x 2) or ¢(7 x 7) structures with a much less tilted

vertical orientation of fluorocarbon chains (16° vs normal).%4t
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Figure 1.5. (a) AFM image of F1oH.SH SAM (b) schematic illustration of SAM structure. The tilt angle
(0) of fluorocarbon 16° and the ¢c(2 x 2) lattice are shown. The AFM image and molecular model are
reproduced from refs 42,40 with permission.

d) SAM of thiolated cage molecules on Au(111)

Thiolated cage molecules such as adamantanethiol and carboranethiol are other important
examples of SAM formed from thiols in which the molecular backbone consists of a bulky rigid
3D structure. SAMs of these cage molecules are characterized by large molecular lattice
constants relative to alkanethiols (~0.7 nm vs. 0.5 nm), and lesser intermolecular interactions
which explains their facile displacement with other thiol molecules. The compactness and high
symmetry of the cage structure, and the accessibility of different isomers allow the formation of

monolayers with a variety of interesting structures and properties (Fig. 1.6).%3
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Figure 1.6. A comparison of morphologies for simple organic cage building blocks. (a)
bis(bicyclo[2.2.2]octane)disulfide (BCO), (b) bis(tricyclo[3.3.1.1]decylmethyl)disulfide (TCD), (c) 1-
adamantanethiol (LAD), and (d) 2-adamantanethiol (2AD). Images reproduced with permission from a)
ref. 44 b) ref.45 c) ref .46 d) ref. 47 with permission.

1.3.4 Aromatic thiol SAMs

Compared to SAMs of n-alkanethiols, SAMs formed from aromatic thiols are characterized
by strong m- - -m intermolecular interactions and enhanced electrical conductance.*® Both of these
features make them highly attractive for molecular electronic applications. A number of
aromatic SAMs have been studied using various spectroscopic and microscopic techniques. The
SAMs studied include phenyl 1,49 biphenyl 2,152 and terphenyl moieties 3 >3 attached to the
thiol group either directly 2,5 via acetylene 3, or alkyl groups 4 (Fig. 1.7).%
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Figure 1.7. Structures of benzenethiol (1), biphenylthiol (2), biphenylethynethiol (3),
biphenylethanethiol (4), and terphenylthiol (5).

In contrast to SAMSs formed from alkanethiols, there is much less consensus regarding the
two-dimensional ordering of aromatic-based thiol SAMs. This is well illustrated for
benzenethiol 1 (BT) and its halogenated derivative pentafluorobenzenethiol (PFBT), two simple
aromatic thiols that are widely used in the tuning of the work function of metal electrodes in
organic electronic devices.> For example, adsorption of BT on Au(111) at room temperature
results in either a completely disordered SAM®®°" or a SAM with relatively small ordered
domains (less than 15nm?).%¢ Long range ordered BT and PFBT SAMs have been observed
using specific preparation conditions (incubation time of 190 h,>® solution temperature of
75 °C,%50 exchange with a pre-adsorbed cyclohexanethiol SAMs®®). These studies report
different unit cells (Table 1.1) which are somewhat similar for BT SAMs and considerably
different for PFBT SAMs.
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Table 1.1. Structural lattice of benzenethiol (BT) and pentafluorobenzenethiol (PFBT) SAMs
on Au(111) as function of preparation under different experimental conditions.

SAM condition preparation Unit cell Reference
Immersion in BT solution at room temperature for 18h disordered phases 56,57
Immersion in BT solution at room temperature for 2min (V13x4V13)R13.9° 61
Immersion in BT solution at 75 °C for 18h (2x3\2)R23° 62

BT exchange with a pre-adsorbed cyclohexanethiol SAM (V13 x 2v5)R46° 60

(273 x V3)R30°

Computational simulation 63
or (N3 x V3)R30°

Immersion in PFBT solution at 75 °C for 2h (2 x 5V13)R30° 50

Immersion in PFBT solution at room temperature for 190h  (10V3 x 2) 59

1.3.5 Multidentate thiol SAMSs

The stability of SAMs under ambient environmental conditions is an important
consideration in achieving the full potential of SAMs for practical applications. Numerous
studies have reported desorption of SAMs within a few days at ambient conditions through
formation of a range of species (thiol radical,®* sulphonate, ®disulphide®®). In this context, the
use of multidentate ligands that bind to the substrate with several anchoring thiol groups have
been particularly effective for generating SAMs with long-term stability (Fig. 1.8).%

R
3 R, R
J 1\ (H2C %
SH SH
SH HS/‘ SH SH
" SH

6 7 8 9
Figure 1.8. Examples of multidentate thiols used in SAM.

One of the first multidentate designs used consisted of a dendritic structure having three
legs with thiol groups connected to a single branch point (6 and 7).58%° XPS measurements

revealed an enhanced thermal and chemical stability of the tridentate 7 compared to its bidentate
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and monodentate analogs.®® However, the systematic improvement in SAM stability is
accompanied by a decrease of molecular density and ordering. More recently, a new molecular
design involving the rigidity of cyclic frameworks has demonstrate a significant improvement
in tridentate SAM ordering.’”® For example, a tripod-adamantane trithiol 8 has been reported for
the formation of a 2D SAM with a well-ordered hexagonal packing.” In a related study, Lee et
al. prepared tridentate SAMs using a cyclohexane ring with three thiol substituents as a
framework for stable and well-ordered SAM 9.”' In this study, the stability and the
conformational ordering of SAMs depend on the length of the alkyl chains of the tridentate

adsorbate.

1.4 Physisorbed self-assembled molecular networks (SAMNS)

In contrast to SAMSs, physisorbed self-assembled molecular networks (SAMNSs) are
formed by weakly adsorbed molecules that are sufficiently mobile to diffuse and achieve a well-
ordered 2D structure. The structure of SAMN relies on a subtle balance of non-covalent
intermolecular and molecule-substrate interactions.”> The careful selection of molecular
building blocks with desired functionality and geometry defines the type of supramolecular
interactions involved in the formation SAMNSs and their degree of complexity (Table 1.2).

Table 1.2. Classification of the typical supramolecular interactions involved in SAMN
formation.”

Intermolecular interactions Enﬁggzr;?)?ge DiitAa)n ce Directionality
Van der Waals 0.1-2 <10 Low
Hydrogen bonding 1-15 1.5-35 High
lonic 2-50 2-3 Low

n-stacking 1-15 34 Moderate

Dipole-dipole 10-45 2-3 High
Halogen bonding 1-45 2-3.5 High
Metal-ligand coordination 10-50 1.5-25 High
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Van der Waals interactions and hydrogen bonding have been extensively employed for
the construction of SAMN.® In the next sections several examples of SAMNSs engineered

exclusively through these two types of interactions are discussed.

1.4.1 Van der Waals Interactions

The term van der Waals (vdW) interactions generally refers to dispersion forces that arise
from the weak attraction of temporary induced dipoles.”* Also known as London forces, these
interactions have been employed in the stabilization of SAMN of various molecules, notably
those with large aromatic cores equipped with alkyl substituents. In this case, SAMN stability
arises from two main factors (i) the large total adsorption energy of long alkane chains (on the
order of ~1.5-2 kcal/mol per methylene unit on both HOPG™ and Au (111)"®) and (ii) the
interdigitation of alkyl chains of adjacent molecules which contributes to SAMN stability with
an approximate energy of interaction of ~1 kcal/mol per methylene unit.”” As mentioned above,
vdW interactions have been widely used to drive the assembly of alkylated molecules, such as
polycyclic aromatics,” other oligomers,” and polymers®(Fig 1.9).

Figure 1.9. STM image of alkylated molecules stabilized on HOPG via vdW interactions. (a) SAMN of
octadecanol. (b) SAMN of dialkylanthracene. (¢) SAMN of dodecyl substituted quaterthiophene. (d)
SAMN of poly(3-dodecylthiophene). Adapted from: a) ref. 81, b) ref. 78, c) ref . 79, d) ref. 80 with
permission.

An elegant example of the complexity that can be achieved in SAMNSs includes the
construction of a four-component architecture of hexadehydrotribenzo[12]annulene(DBA-C12),
coronene, isophthalic acid and triphenylene at the solid-liquid interface of HOPG based on van
der Waals interactions (Fig. 1.10).2?
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Figure 1.10. STM image of SAMN of a mixture of DBA-Cn, isophthalic acid, coronene, and
triphenylene. Adapted from ref. 82 with permission.

Intermolecular vdW interactions can also be used to template other functional molecules
on top of SAMN. For example, SAMN of n-CsoH102 and CssH7sN have been used to template
alkylated coronene® and porphyrin®* respectively (Fig. 1.11).

Figure 1.11. (a) SAMN of hexakis(n-dodecyl)-peri-hexabenzocoronene (HBC-Ci2) on a n-alkane (n-
CsoH102) molecular template. (b) SAMN of copper phthalocyanine (CuPc) on tridedycelamine (TDA)
molecular template. Adapted from a) ref. 83 and b) ref. 84 with permission.

1.4.2 Hydrogen bonding

A hydrogen bond (H-bond) is defined as the attractive interaction that occurs between a

positively polarized hydrogen and a negatively polarized atom.®® Depending on the
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electronegativity of the atoms constituting H-bond donor and the acceptor molecules, the
strength of a H-bond can range from strong (15-40 kcal mol™!, e.g., COOH--COQ"), to
moderate (~5-15 kcal mol™!, e.g., COOH---COOH), to weak (~1-5 kcal mol!, e.g., CH--0).
In addition to their significant strength, H-bonds are characterized by a remarkable selectivity
and directionality, which make them one of the most important supramolecular interactions used
in engineering 2D SAMNSs. Typical examples illustrating the role of H-bonds in SAMN
formation are the well-studied benzene carboxylic acids (phthalic acid 10; isophthalic acid 11;
terephthalic acid 12; trimellitic acid 13; trimesic acid (TMA) 14 ; pyromellitic acid 15 ) which

contain carboxylic acid functions that act as both H-bond donors and acceptors (Fig. 1.12).8687
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Figure 1.12. (a) Molecular structure of different benzenecarboxylic acids. (b) STM image and molecular
model of isophthalic acid SAMN on HOPG. (c) STM image and molecular model of terephthalic acid
SAMN on HOPG. (d) STM of trimellitic acid SAMN. (e) The “chicken-wire” and “flower” structures
of TMA SAMN. (f) STM images of open and close-packed structures of pyromellitic acid. Adapted with
permission from (b,c) ref. 86 (d,f) ref. 88 (e) ref. 89

Various molecular networks have been reported for these benzenecarboxylic acid
derivatives, depending of the number and position of the carboxylic groups. For example, while
10 does not form SAMN because of the steric hindrance between the adjacent carboxylic groups,
11 and 12 arrange into zigzag and linear chains of molecules, respectively, that are
interconnected with hydrogen bonds.®® For 13, a disordered dense layer has been observed
because its low symmetry. 8 In 15, the stability afforded by four acid groups involved in
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multiple H-bonds enables formation of either close-packed or open structures depending on the
solvent type and solution concentration. ® TMA, which has a 3-fold-symmetric hydrogen-
bonding unit, forms both cyclic dimeric hydrogen bonds (denoted R2%(8)) and trimeric
associations (Rs*(12)) through its —COOH groups.*® Among TMA polymorphs, two nanoporous
structures, known as “chicken wire” and “flower” structures, have been extensively employed

for hosting guest molecules such as coronene,® circulenes®, and fullerene®? (Fig. 1.13).

Figure 1.13. STM images of TMA 14 chicken-wire structure hosting different guest molecules. (a)
coronene, (b) heterocirculene (c) fullerene. Adapted from: a) ref. 93, b) ref. 91 , c¢) ref. 92 with
permission.

1.5 Directing the assembly of NP

Various self-assembled molecular networks with programmable shape, size and
functionality, bonded by single, binary or even multi-component subunits have been developed
and explored for nanopatterning applications. In this context, porous two-dimensional networks,
such as those constructed using TMA®%39192 (Fig. 1.13), calix[8]arene®* (Fig. 1.19c), or DBA-
Cn? (Fig. 1.10) building blocks, are of particular interest for the precise localization and
confinement of guest entities (e.g. fullerene,®? coronene,* heterocirculene®®) within their nano-
cavities. Densely packed (non-porous) molecular networks have also been shown for templating
organic molecules. For example, monolayers of alkanethiols®® (Fig 1.18), coronene® (Fig.
1.19h), or pentacene®’ (Fig. 1.19f) have been used for templating fullerene; long n-alkane (n-
CsoH102) SAMN has been used for HBC-C1.® (Fig. 1.11a), and TDA SAMN has been shown to
template porphyrin® (Fig. 1.11b).
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In contrast to the great many achievements reported on templating organic molecules, less
attention has been paid to metal nanoparticles (NPs). On the other hand, NPs have a range of
electronic, magnetic and optical properties that are of great interest in many nanotechnology
applications, and thus their templated assembly is of particular interest.%® Various routes to direct
NPs self-assembly have been explored, including 2D crystallization, copolymer, SAMs, and
SAMN templates.

1.5.1 2D crystallization of NP assembly on a bare substrate

The 2D crystallization of NPs is one of the simplest approaches for directing the assembly
of mono and multicomponent NPs.*3%° This method was first used for producing AuNP
assemblies from a monodisperse AuNPs solution,'® then was further extended to more than a
dozen of binary systems including CuAu,*t AlB,,1%2 MgZn,,'% and CusAu.'® Maximization of
the nanoparticle packing density has been proposed as the driving force for these assemblies,
and only the close packed structures have been predicted to be thermodynamically stable.
However, further studies highlight the complexity of NP crystallization mechanism which
involves various interactions between nanoparticles, substrates and solvents such as Coulombic,
van der Waals, charge-dipole, and dipole—dipole,'% space-filling (entropic) factors,'°* drying
kinetics, % hydrodynamic effects,’® and diffusion processes.’”” NP assembly is greatly
influenced by the size distribution of the nanoparticles. It has been reported that a successful
assembly requires a polydispersity of a few percent (<3%), while no assembly is observed when
the polydispersity >12%.1% The crystallization approach has been particularly effective for
generating NP supercrystals with exceptional long-range ordering whose length scales range
from hundreds of nm to millimeters (Fig. 1.14).°2 However, these patterns are generally
restricted to close packed hexagonal or cubic lattices, and it is often challenging to control the

formation of multilayers.
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Figure 1.14. (a) Schematic diagram of the self-assembly process during solvent evaporation. (b) Top
view of a fully formed, compact nanocrystal monolayer produced by drop-casting 10 ul of a solution of
dodecanethiol-ligated 6-nm gold NPs onto a 3 mm x 4 mm SisN, substrate. (c) Transmission electron
micrograph of a typical NP assembly. The upper left inset schematically shows the arrangement of two
neighboring NPs. The lower right inset is a fast Fourier transform of the image (c). Adapted from ref. 93
with permission.

1.5.2 NP assembly using copolymer templates

A common strategy for directing the organization of inorganic nanoparticles involves

109 and block copolymers.°

surface patterning with macromolecules such as linear polymers
Block copolymers self-assemble into well-defined arrays of nanostructures that served as
effective templates for obtaining nanoparticle assemblies with tunable symmetry and
periodicity. Amongst the first block copolymers extensively investigated for NPs patterning are
polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) and polystyrene-block-poly(ethylene
oxide) (PS-b-PEO). For example, a quasi-hexagonal close packed array of inorganic oxide
semiconducting NPs has been generated using a matrix of PS-b-PEO film as a template (Fig.
1.15a).1 Polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) has been shown to template metal
NPs by exploiting specific interactions between the P4VP block and metallic precursors (Fig.

1.15h).112
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Figure 1.15. (a) Phase contrast AFM image of silica dot arrays on PS-b-PEO film (b) Scanning electron
microscopy (SEM) images of gold nanoparticles on PS-b-P2VP micelles. Adapted from: a) ref. 111, b)
ref. 132 with permission.

1.5.3 NP on SAM modified substrates

SAMs formed from organothiols have been used for immobilizing NPs on metal
substrates. In this approach, functionalized thiol molecules are bonded to NPs either covalently
or through non-covalent interactions. The covalent immobilization of NPs has typically been
carried out using dithiol or aminothiol SAMs (Fig. 1.16a).1® In both cases, NP immobilization
is induced by the high affinity between SAM functional groups (SH or NH>) and the metallic
core of NPs. On the other hand, the non-covalent immobilization of NPs has been reported using
various supramolecular interactions (hydrogen bonding, coordination, and vdW interactions)
between the functional group of SAM and the capping ligand of NP. For example, Zirbs et al.1!4
assembled NPs onto SAM through the formation of multiple hydrogen bonds between the
barbituric acid containing ligand of NPs and the Hamilton-type receptors anchored as terminal
groups in the SAM (Fig 1.16b). The use of coordination interactions to immobilise NPs has been
demonstrated using COOH-functionalized SAMs that form a coordination complex between
NPs capping ligand and a divalent metal ion (Cu?*, Zn?*, Ni?*) (Fig. 1.16c).1*> Moreover,
Vijayamohanan et al. reported the immobilization of NP from aprotic solutions through the
hydrophobic interactions between alkanethiols on the AuNP and those forming the SAMs on
Au (111) (Fig. 1.16d).1® Although these studies demonstrate the efficiency of SAMs for
immobilizing NPs, little to no long-range order and very limited coverage have been achieved.
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Figure 1.16. Strategies for assembling NPs onto SAMs via (a) metal-ligand interaction, (b) hydrogen
bonding, (c) coordination complex, (d) vdW interaction. Adapted from: a) ref. 119 b) ref. 114 c) ref. 115
d) ref. 116 with permission.

1.5.4 NP on SAMN modified substrate

A number of studies have explored the use of SAMN for templating other molecules (see
section 1.4). However little work has been reported on inorganic NP guests. The first attempt to
template NP involved SAMN of a fatty acid (C14H20COOH) (Fig. 1.17a,b).}*" In this work,
linearly arranged strands of octadecanethiols coated AuNPs with a periodicity of a few
nanometers were formed on top of SAMN. Similarly, dodecanethiol coated NiNPs form rows
on top of alkylthiol SAMN, which were attributed to favorable vdW interaction between the
hydrophobic coating layer of NPs and the alkyl part of the SAMN.'® Recently, Zimmt et al.
reported the assembly of AuNPs on dialkoxyanthracene derivative SAMN modified with
—COOH functional groups using ionic interactions with Cu?* (Fig. 1.17¢,d).!*® As for SAM
templates, only a short range order and limited surface coverage have been achieved using
SAMN.
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Figure 1.17. STM image and schematic representation of (a,b) CisHszSH AuUNP-stabilized by
hydrophobic interactions with C14H29CO2H SAMN. (c,d) C1oH20CO,HSH coated AuNP stabilized with
coordination interaction with COOH of an anthracene derivative in the presence of Cu?*. Adapted from
a) ref. 117, b) ref. 119 with permission.

1.6 Self-assembly of Ceo and its derivatives on surfaces

Shortly after their discovery'?® and bulk production,?! buckminsterfullerene (Ceo) — one
of the allotropes of elemental carbon - became a popular building block in nanoscience and
nanotechnology. Due to its unique shape, structural, physical, and chemical properties,'?
fullerene and its derivatives have found applications in a number of research areas including
photovoltaics,*?? field effect transistor, 12 and biotechnology devices.!** Many of these
applications involve deposition of a thin film of Ceo onto a solid support or electrode. In this
context, much effort has been devoted to understanding and controlling the structural properties
of the Ceo films, especially at the interface with metals and other semiconductors. Consequently,
the molecular orientation and supramolecular organization of Ceo monolayers have been studied

on a variety of substrates, including bare metal substrate, SAMN and SAMs modified substrate.
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1.6.1 Cso 0n bare substrates

Since the pioneering work of Altman and Colton on thermal evaporation of Cgo on Au,®
Ceo monolayers have been prepared using different methods (thermal evaporation, solution
drop-casting, Langmuir Blodgett) and studied on top of various crystalline substrates ranging

129 and polymers.’*® Different structures

from metals,'?612" to semiconductors,'? to insulator
have been observed depending on the nature and strength of the interaction between Cgo and the
substrate. For example, Ceo adopts a close-packed structure on the (111) surface of most metals
(i.e. Au, Ag, Cu, Ni, and Pd).**! On Au(111), one of the most extensively studied substrates, Cso
adopts several structural orientations with respect to the underlying gold lattice: (2\3 X
243)R30°, 38 x 38, (7 x 7)R14°, and (3 x 3)R34° structures.'?”1%? The nature of Au...Ceo
interactions has been the subject of several studies.!®1% High-resolution angle resolved
photoemission!3 and DFT calculations™®* suggest a very strong, nearly “covalent” character of
this bonding with an adsorption energy as high as 50-60 kcal/mol. This is attributed to the
hybridization between the d-states of the metal surface and the m-orbitals at the Cso cage, in
addition to the significant charge transfer from the substrate to Ceo (from 0.7 to 2 e per

molecule).®*®

1.6.2 Cs on SAM modified substrates

The control of electronic coupling between Cso and a metal substrate opens up the
possibility of tuning the molecule-surface interactions, which in turn permits the construction
of nanostructured surfaces with tailored electronic properties.'® One approach to achieve this
control involves introduction of an organic monolayer at the Ceo/Au interface. For instance
vapor deposition of Cgo onto alkanethiol SAMs showed the formation of close packed islands
that were suggested to be residing on top of the SAM molecules.®>*¥” Such assumption was
based on the inability of resolving the internal structure of Ceo molecules. This was explained
by their free rotation as result of the weak interaction with SAM. However, other studies
suggested that Cso molecules penetrate SAMs of octanethiol® and 11-phenoxyundecanethiol*®®
by forming islands (chains, hexagonal and cubic close packed domains) that are intermixed with
the thiol molecules (Fig. 1.18a,b).
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Furthermore, deposition of Ceg 0nto the striped phase of alkanethiols shows the formation
of one-dimensional chains of fullerene. The 1D striped structures of alkanethiols allows the
accommodation of two Ceo molecules at the S termini of the flat lying down alkanethiols (Fig.
1.18c).1%

Individual Cgy SAMs Cgoisland SAMs

Figure 1.18. STM image and schematic presentation of Cs molecules deposited on SAMs of (a)
octanethiol, (b) 11-phenoxyundecanethiol, (c) the striped phase of alkanethiol. Adapted from: a) ref. 95,
b) ref. 138, c¢) ref. 139 with permission.

1.6.3 Cs on SAMN modified substrate

As mentioned above, fullerenes generally self-assemble into close packed arrays when
deposited on bare or SAM-modified metals. More complex fullerene architectures have been
created by pre-patterning the substrate with SAMN that accommodate individual Ceo molecules
either through host-guest interactions via a porous network (Fig. 1.19a-d) or the donor-acceptor
interactions (Fig. 1.19e-h) with SAMN of electron donating molecules. The host-guest
interactions have been reported using various porous SAMN of oligothiophene,*4%!4! benzene
di- and tricarboxylic acids,}*? calix[8]arene,®* perylenetetracarboxydiimide (PTCDI)-
melamine.'*3 In some of these systems, fullerenes play a more complex role rather than a simple
passive occupation of the voids within the SAMN. Indeed, Ceo molecules were shown to

promote the structural transformation of the host framework as well as inducing the growth of
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a second layer of host molecules.** Donor-acceptor interactions of Cgo have been reported for
SAMN of polyaromatic donor molecules such as porphyrin,*® perylene,*® coronene,®

pentacene®’, and a-sexithiophene.!” These donor—acceptor systems are of great interest in the

development of organic electronic devices.’*® For example, they are used in organic
149

heterojunction solar cells.

LR20009208

Figure 1.19. Cg assembly stabilized through (a-d) host-guest interactions and (e-h) acceptor-donor
interactions. Ceo on SAMN of (a) oligothiophene, (b) tricarboxylic acid, (c) calix[8]arene, (d)
dicarboxylic acid, (e) a-sexithiophene, (f) pentacene, (g) porphyrin, (h) coronene. Adapter from: a) ref.
140,141, b) ref. 141, c) ref. 94, d) ref. 142, e) ref. 147, ) ref. 97, g) ref. 145, h) ref. 96 with permission.

1.6.4 Self-assembly of functionalized Ceo

Many applications involving fullerene molecules require their chemical modification with
specific functional groups. A variety of fullerene derivatives have thus been synthesized and
self-assembled on metal substrate. For example, Ecija et al studied monolayers of phenyl-Ce1-
butyric acid methyl ester (PCBM) on Au(111) in UHV environment (Fig. 1.20a).**° The authors
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show a coverage-dependent transition of the self-assembly of PCBM. At low coverage, the
fullerenes were present predominantly as monomers. At higher coverages, rows of PCBM
dimers and tetramers were observed and attributed to the weak hydrogen bonding interaction
between the ester groups of adjacent molecules. Deposition of a fullerene malonic acid (Ce1-
(CO2H),) adlayer on Au(111) yields a (3.1 x 3.1)R5° structure which was attributed to hydrogen
bonds forming between COOH groups of adjacent fullerene molecules (Fig.1. 20b).2°! The self-
assembly of a fullerene that bears long alkyl chains leads to the formation of rows of molecular
dimers due to the vdW interactions between the alkyl chains of adjacent molecules (Fig.
1.20c).1°2 Chen et al. examined four fullerene derivatives with functional groups of varying size
and different intermolecular interaction types on Au(111) (Fig. 1.20d-f). They observed a (2V3
x 243)R30° structure for Cgo with small functional groups and a multilayered disordered

structure for Ceo derivatized with bulky substituents.!®3

: Cgo cage

Figure 1.20. (a) High resolution STM and the corresponding molecular model of phenyl-Cei1-butyric acid
methyl ester (PCBM) arranged in dimeric rows connected by an array of weak hydrogen bonds. (b) High
resolution STM image and top view molecular model of an ordered Cso malonic acid adlayer on Au(111).
(c) STM image and molecular model of a self-assembled monolayer of alkylated Ceo on Ag(111). (d),
(e), and (f) STM image of functionalized Cso molecules with different size of functional groups. Adapted
from a) ref. 150, b) ref. 151, c) ref. 152, d) ref. 153 with permission.

The above examples illustrate the considerable effort devoted to understanding and

controlling the assembly of Cso and Ceo derivatives on various substrates. Overall, the assembly
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of non-functionalized Ceo is governed by molecule-substrate interactions. For functionalized
Ceo, the nature of the functional groups plays a determinant role in the resulting assembly. For
example, relatively robust and complex nanostructures of Ceo derivatives might be formed
through the use of directional supramolecular interactions such hydrogen bonding as will be

shown in Chapter 5.

1.7 Characterization techniques

The remarkable evolution in surface analysis techniques, which began with the
development of electron-based spectroscopy techniques, Auger electron spectroscopy (AES),
X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), in the
early 1950s and continued with the invention of scanning probe techniques (STM, AFM) in mid
1980s, have greatly contributed to our present knowledge of organic monolayers on solid
surfaces. Generally, in order to obtain a complete picture of organic monolayers (including
structure, mechanism of adsorption, stability) the use of several complementary techniques is
required. The following sections provide a brief description of XPS, STM, and electrochemical
methods employed in this Thesis research.

1.7.1 X ray photoelectron spectroscopy

XPS is one of the most widely used techniques for the analysis of solid surface (1-5 nm
thin film) (Figl. 21). Its utility lies in the accurate quantification of elements as well as the
determination of their chemical environment.® XPS is based on the irradiation of a sample
under vacuum conditions with a monochromatic beam of photons, generally generated from
AlK, (1486.6 eV) or MgK, (1253.6 eV) sources. The incident X-rays cause the ejection of core-
level electron from sample atoms. The kinetic energy of the photoemitted electron is a function
of its binding energy which is characteristic of the element from which it was emitted and its
chemical environment. The binding energy of the core electron is given by the Einstein
relationship:

Eb=hv-Exk—0o (1.4)
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Where hv is the X-ray photon energy; Exis the kinetic energy of the photoelectron, and ¢ is
the work function induced by the analyzer (about 4~5eV).

Incident X-ray photon ® Ejected photoelectron

Free electron level

[ Conductanceband | | Work function

Fermi level

I ' |
ZPW Binding energy
2s +
1s 0‘:: v

Figure 1.21. Schematic representation of XPS principle.

XPS has been extensively used for the characterization of thiol-based SAMs (Fig. 1.22).
2215515 The S2p binding energy (Ep) provides the key evidence for S-Au bond formation.®
The S2p spectrum consists of (2ps2) and (2p12) peaks with an intensity ratio of 2:1. Typical
Sopa2 BE values for an unbound alkanethiol (and dialkyldisulfide) are between 163 and 164 eV.
After chemisorption of these molecules onto the gold surface the S2ps;» En decreases to 162
eV, which is attributed to the formation of a gold—thiolate bond. In contrast, when sulfur
bound to elements with high electronegativity such as oxygen the Ep of S2ps shifts toward
higher values. For example, the S2p3/» peak of the oxidized thiol species (sulfonates) occurs at
167-168 eV.2®" An additional peak is also observed at 161 eV for thiol-based SAMs, in either
the initial stage of monolayer growth or after annealing. The origin of this peak is not well
understood; some studies assign it to either atomic sulfur on Au (formed by scission of the C-S
bond), or differently adsorbed molecular constituents (e.g. adsorption of a thiolate at high

coordination sites such as a kink site on the gold surface).'>®
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Figure 1.22. Schematic representation of four types of sulphur atom typically observed in the XPS S2p
spectrum of thiol SAMs on Au(111). a) Atomic sulfur or another bound sulfur with a binding energy of
161 eV, b) bond sulfur at 162 eV, (c) unbond sulfur at 163-164 eV, (d) oxidized sulphur at 168 eV.
Adapted from ref. 159 with permission.

1.7.2 Scanning tunneling microscopy

Scanning tunneling microscopy (STM) is a powerful scanning probe technique that
exploits quantum-mechanical electron tunnelling between the tip and the sample to sense the
topography and the electronic properties of the sample at an atomic level. Invented by Binnig
and Rohrer in 1981, STM has revolutionized the field of nanotechnology, presenting the first
tool with the ability to image, characterize and even manipulate single atoms and molecules on
metallic surfaces.®°

The principle of STM is based on bringing a sharp metallic tip very close (0.3—-1 nm) to
a conducting surface so that the wave functions of the tip and surface overlap sufficiently to
allow the flow of a distance-dependent tunneling current under applied bias voltage. A tunneling
current (~0.1 to 10 nA) is then measured at a convenient operating voltage (~10 mV-1 V). This
tunneling current exhibits an exponential decay with an increase of the gap z according to
equation:
G x A exp(—oz) (1.5)

Where « is the decay constant of the material, z is the tip—sample separation, and A is a constant.

An STM can be operated in either a constant current mode or a constant height mode. In
constant current imaging, the tip-sample separation is controlled by a current feedback loop that
allows a constant current map of the surface. This mode is characterized by a slow speed but is
more suitable for relatively rough surface. Alternatively, in constant height mode the feedback
is turned off, the tip is scanned across a surface at (near) constant height and the current is
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recorded yielding a locally changing tunneling current map. This mode is more advantageous at
high scanning frequencies (up to 10 KHz) and for atomically flat surfaces as otherwise a tip
crash would be inevitable.

As shown in Figure 1.23, the main components of an STM apparatus include a sharp
probe tip, made by the mechanical cutting or electrochemical etching of a metallic wire. A
coarse positioning unit is used for large displacements of the tip from the initial position to
within the tunneling range (few A). A piezoelectric scanner allows the fine tuning of the vertical
and lateral movement of the tip. A vibration isolation stage and electronics with sufficient
sensitivity for a significant increase of resolution and stability of the measurements, even under
unfavourable lab conditions.

Feedback
Control

XY scan
Control

Control unit

Computer
Data
acquisition

Bias

Figure 1.23. Schematic diagram of the working principle of an STM, microscopic view of tip-sample
interface is shown in the circle. Image of the Veeco Multimode 8 instrument is shown in the top left
corner.

An STM experiment can be carried out in ultrahigh vacuum conditions (UHV) as well as
in ambient air or liquid environments. The first experiments on molecular adlayers were carried
out under UHV on metal surfaces.!® The UHV environment has been particularly attractive for
two reasons. First, a UHV environment increases the signal-to-noise ratio by eliminating the
sample-air-tip interactions allowing to achieve unprecedentedly high resolution STM images

and reliable current vs voltage (I-V) curves in scanning tunnelling spectroscopy (STS).
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Secondly, such an environment extends STM studies to a large number of metal (copper,
platinum...) and semiconductors substrates, not accessible in pure form under ambient
conditions. On the other hand, performing STM at a liquid-solid interface does not require a
complex and expensive infrastructure as for UHV conditions. Moreover, the liquid phase acts
as a reservoir of dissolved species which can contribute to the dynamic of molecular assembly
and promotes the repair of defects. In this Thesis, all the STM experiments were performed at

liquid-solid interface.

1.7.3 Cyclic voltammetry

Cyclic voltammetry is one of the most commonly used electrochemical techniques for
studying different aspects of redox processes such as the kinetics of electron transfer, the
reversibility of reactions, the presence of intermediates, and the stability of products in redox
reactions. 6!

In cyclic voltammetry the working electrode potential is scanned linearly back and
forth between two potentials, V1 and V2, while the current is recorded (Fig. 1.24). The
resulting curves are called voltammograms. A voltammogram provides the measured current
between the working electrode and the reference electrode versus the applied potential

between the working and reference electrode.
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Figure 1.24. Setup of an electrochemical cell. Cyclic voltammetry waveform (b) and typical cyclic
voltammogram (CV). E;, ¢ (Ep ®) and ip © (ip ?) are the potentials and currents at cathodic (anodic) peaks,
respectively.
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Cyclic voltammetry is a common technique used for characterizing organothiol SAMs.
The CV of thiol SAMs on Au(111) in strongly alkaline electrolytes exhibits a cathodic wave
due to the charge produced by reductive desorption of thiolate (Fig. 1.25):1%2
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Au-SR + 1e” — Au(0) + RS (1.6)

This desorption process can be used to determine the surface concentration of a SAM
adlayer, I'm (mol/cm?), following Faraday's law:
I'm=Q/ZnFA (1.7)

where Q (uC) is the passed charge (determined from the CVs by integrating the area under the
reduction peak), Z is the number of electrons involved in the redox reaction, n is the number of
moles of reactants, F is Faraday's constant (96 487 C mol™!) and A is the active area of the
electrode (A = Agx y(cm?)), with Ag (cm?) being the geometric area and y being the roughness
factor of the electrode. A typical coverage density of a well packed alkanethiol on Au(111)
determined via CV is 7.8 x 107'° mol/cm?, corresponding to the close packed (V3 x V3) R30
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Figure 1.25. (a) Cyclic voltammograms of the reductive desorption of self-assembled
monolayers composed of n-alkanethiolates on Au(111) recorded in 0.5 M KOH solution. The
number of methylene units is indicated at each curve. (b) Schematic presentation for hexanethiol
desorption. Adapted from: a) ref. 164, b) ref. 165 with permission.

The potential of the cathodic stripping peaks is a function of the strength of the metal—
sulfur bond and the interchain interaction, the accessibility of the metal-sulfur bond to cations
from the solution, the presence of any intermediate or weakly adsorbed states, and surface

crystallography.
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1.8 Summary

Patterning surfaces at the nanoscale is of great interest in many nanotechnology
applications. Among the bottom-up strategies, self-assembly provides a promising route to
create complex nanostructures with immense flexibility in terms of nanoscale building blocks
and properties. The structure and functionality of molecular building blocks define the type of
interactions that are involved in the formation of the molecular pattern and in the whole
templating process.

In chemisorbed monolayers, namely alkanethiols SAMs on gold, molecules are covalently
attached to a gold substrate through S-Au bond. The widespread use of SAMs in practical
applications depends largely on their long-term stability. In this context, SAMs with enhanced
stability have been reported using multidentate thiols that have several groups anchored to the
substrate. In molecular electronics, aromatic thiols have been particularly attractive, especially
their fluorinated derivatives because of their ability to tune the work function of electrode
devices.

On the other hand, physisorbed monolayers represent an elegant and versatile approach to
achieve structurally complex nanostructures with specific shape, composition, and functionality.
Physisorbed monolayers are generally governed by a subtle interplay of supramolecular
interactions between molecules and substrate and between molecules themselves. Particular
attention has been given to hydrogen bonding and van der Waals interactions due to their
extensive use in the creation of complex architectures of physisorbed monolayers.

A number of these SAMs and SAMNs have been used for nanopatterning applications.
While most of the work has been carried out on molecular guests, little attention has been paid
to templating inorganic nanostructures. In the following chapters several examples of
chemisorptive and physisorptive self-assembled monolayers are formed and explored for

templating gold nanoparticles (AuNPs) and Ceo molecules.
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Chapter 2: Tridentate Benzylthiols on Gold(111): Control
of Self-Assembly Geometry

After describing the principles of molecular self-assembly, Chapter 1 has highlighted the
differences between physisorbed self-assembled molecular networks (SAMNSs) that allows
efficient control of molecular arrangement and chemisorbed self-assembled monolayers
(SAMs) that enable a comparatively strong binding to the surface but whose 2D supramolecular
structure is difficult to control. The formation of chemisorbed monolayer with using new trithiol
ligand molecules is explored in Chapter 2, with an objective of exploring the possibility of
controlling the lateral order in the SAMs and increase their stability for the future use as
molecular templates. This design is based on a benzene ring substituted with three methylthiol
groups in alternation with three alkyl chains of various length. SAM characterization using
STM, XPS and electrochemistry revealed a direct dependence of the SAMs properties on the
size of the alkyl chains substituents. Furthermore, the balance between intermolecular and
molecule—substrate interactions have been determinant for the packing, orientation, and stability
of the tridentate thiol monolayer.

Adapted with permission from:

M. A. Mezour, I. I. Perepichka, O. Ivasenko, R. B. Lennox, and D. F. Perepichka. Tridentate
Benzylthiols on Au(111): Control of Self-Assembly Geometry. Nanoscale, 2015, 7, 5014-5022,
DOI: 10.1039/C4NR07207C. Copyright, 2015, the Royal Society of Chemistry.

I am the principle author of this article and as such collected the majority of the data presented,
performed the analyses and composed the manuscript. Dr. O. lvasenko contributed to the
interpretation of STM images and synthesized Mes-BTMT. Dr. |I. Perepichka synthesized Ets-
BTMT, ODe3-BTMT and ODes-B.
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2.1 Abstract

A set of hexasubstituted benzene derivatives with three thiol groups in the 1, 3, 5 positions
and varied alkyl substituents in the 2, 4, 6 positions (Mes-BTMT, Etz-BTMT, ODe3-BTMT) has
been synthesized and self-assembled on Au(111). The resulting self-assembled monolayers
(SAMs) are characterized by scanning tunneling microscopy (STM), X-ray photoelectron
spectroscopy (XPS), and electrochemistry. The molecular orientation and long-range order are
affected by the “gear effect” of the hexasubstituted benzene ring and van der Waals interactions
between the physisorbed alkyl chains drive. Me3-BTMT adopts a standing up orientation which
results in a high molecular areal density but also the lowest degree of chemisorption (1 to 2 Au-
S bonds per molecule). In contrast, Ets-BTMT favors a lying down orientation with a greater
number of surface-bonded thiol groups (2 to 3) per molecule which is due to the preferred all-
“anti” conformation of this molecule. Finally, ODe3-BTMT adsorbs mainly in a lying down
orientation, forming the SAM with the highest degree of chemisorption (all thiol groups are

gold-bonded) and the lowest molecular areal density.

2.2 Introduction

Thiol-based self-assembled monolayers have been widely used to tailor the interfacial
properties of gold and other metals for applications in diverse fields such as corrosion
inhibition,* organic and molecular electronic devices,>3* switches,>® biomolecular adhesion,’
chemosensors,®® and biosensors.

A number of these applications depend on the long-term stability of the component.t!
Although the Au-S gold bond is moderate in strength (38—48 kcal/mol),*? formation of a
disulphide bond by the departing ligands provides an energetically feasible desorption
mechanism.? In thiol-free solution thiol-based SAMs can desorb to a significant extent within
a few days.'* In the presence of air the desorption is further facilitated by oxidation of the thiol
groups.®®

Several strategies have been employed to enhance SAMs stability, by strengthening the
molecule-substrate interactions and/or the lateral interactions between adsorbates. The use of

multidentate ligands with several anchoring thiol groups is one of the most effective methods
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for generating SAMs with long-term stability.!®1" Such an approach has been successfully

employed using different molecular architectures, as illustrated in Fig. 2.1,18.19.2021,22.23,24,2526.27

1 SH RSH 2
SH

HSR RSH

RSH
5 6

Figure. 2.1. Structure of multidentate thiol

These multidentate thiols are frequently applied to the design of functional SAMs, in
molecular electronics and related applications.?2%303! For example, 1 and 2 motifs have been
used for carrying various functional units, including large (bio)macromolecules: fluophores,*
porphyrins,?® fullerenes,®® DNA,*® etc. However, controlling molecular orientation in
multidentate thiols is often difficult and the resulting SAMs are generally much less ordered
than those based on monodentate thiol.?* An incomplete bonding of the thiol groups has been
shown by X-ray photoelectron spectroscopy (XPS) in many cases for 1 and 2.34* In the case of
porphyrin tetrathiol derivatives 5, only one or two thiol groups are typically attached to the gold
surface.?®%:37 This is often detrimental not only for the stability but also for the order of the
SAM, as having the “free” thiol group makes the SAM vulnerable to multilayer formation
(through disulfide cross-links), oxidation, and other defects. The uncontrolled molecular
orientation affects the desired functional characteristics of the SAMs; eg, the impossibility of
achieving flat-lying fully bonded conformation in case of porphyrin 5 negatively impacts the
photo-electrochemical and electro-catalytic properties of its SAMs.?6%3" Together with the
slower dynamics of the multidentate thiol, such partial binding might also be responsible for the

lower lateral order in their SAMs. A significant control of the molecular orientation was,
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nevertheless, achieved using rigid non-aromatic adamantane and cyclohexane cores (3 and 4)
which can provide complete Au-S bonding and long-range order in the SAMs,?2%

In this work, we explore a new, synthetically versatile, molecular motif of tridentate thiols
suitable for formation of SAMs. Such design, based on a single rigid aromatic core with three
“legs” is advantageous for at least four reasons. First, it allows controlling molecular
conformation by exploiting the steric gearing and conformational constraints of the
hexasubstituted benzene.® Second, the desorption pathways involving the formation of
disulfides are disfavored due to the rigidity of the aromatic ring.*® Third, the flat-lying aromatic
ring allows to dramatically reduce the thickness (to ~0.5 nm) of the monolayer comparing to
any other thiol-based SAMs, which should lead to enhanced electronic interactions of the
surface with the environment (electron tunneling, sensing, etc). Finally, intermolecular
interactions of substituents on the benzene core (eg, long alkyl chains) could allow tuning the
lateral structure/periodicity of the monolayer, merging aspects of the fields of chemisorbed
SAMs and self-assembled molecular networks (SAMNs). 404142
Herein, we report three new tridentate benzenetris(methylthiols) (BTMT), substituted with
methyl, ethyl and decyloxy groups (Mes-BTMT, Ets-BTMT, ODes-BTMT) (Fig. 2.2) and
explore their self-assembly behavior on Au(111) surface. A comparative characterization of
these SAMs, carried out using XPS, electrochemistry, and STM, provides insight into their

relative SAM formation properties.

SH SH sy o CroHa1
SH SH SH
CiroH21~ 0
HS HS HS CqoH21
Me;-BTMT Et;-BTMT ODe;-BTMT
Ph(Me)3(CH,SH)3 Ph(Et)3(CH,SH)3 Ph(ODe)3(CH,SH)3

Figure 2.2. Structure of tridentate benzylthiols

2.3 Results and discussions

Hexasubstituted benzene derivatives have been widely used as synthetically accessible
scaffolds for building molecular hosts in supramolecular systems.34344 Conformational control
in this system results from the pre-organized syn-geometry of substituents in 1, 3, 5 (as well as
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2, 4, 6) positions brought about by a thermodynamic preference for an anti orientation of the
neighboring substituents, which minimizes steric interactions.* While such preorganization has
been extensively exploited in supramolecular templates, to our knowledge no studies on its use
in molecular self-assembly on surfaces have been reported. We speculated that such
conformational control might improve the ordering in tridentate SAMs by forcing the
orientation of each thiol anchor toward the surface. Accordingly, we have synthesized three new
benzenetris(methylthiols) with three alkyl groups (methyl, ethyl, and decyloxy) substituents
(Scheme 2.1).

R HO-[CH20],-H S R 1,4-dioxane SH R
ZnBr, KSAc L 1. NaOH/H,0, reflux, 3h
Q __HBUACOH OWF SN0 2Hc,rt, 1h SH
R R R R R R
S HS
R= CHs or CoHs or OCgHa1 o Me;-BTMT (R= CHy)

Et;-BTMT  (R= C,Hj)
0De3-BTMT (R=0C1oHy1)

Scheme 2.1. Synthesis of tridentate benzylthiols.

Density functional theory (DFT) calculations at the B3LYP/6-31G(d) level were
performed on Me3-BTMT, Ets-BTMT and ODes-BTMT to evaluate the energetic preference for
the syn vs anti conformation (Fig. 2.3). For Me3-BTMT, the anti conformation (with thiol
groups on the opposite side of the ring) is slightly preferred by 0.9 kcal/mol, which is likely due
to weak dipole-dipole interactions of the thiol groups. In contrast Et3-BTMT shows a preference
of the syn conformer by 2.2 kcal/mol, in where the steric repulsion with the bulkier ethyl groups
is minimized. This corresponds to ca. 99% of molecules adopting the syn conformation at room
temperature. For ODes-BTMT, the syn isomer is also favored but by only 0.6 kcal/mol. We note
that in all three cases the calculated energetic preferences are 1-2 orders of magnitude smaller
than the total energy of chemisorption. However this not all means they are inconsequential,
since the difference between various chemisorption geometries (lying down or standing up) is

also much smaller than the total adsorption energy.
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Me;-BTMT Et;-BTMT ODe;-BTMT
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-2.2 kecal/mol -0.6 kcal/mol

Figure 2.3. Relative stabilization energies (B3LYP/6-31G(d)) of syn and anti conformations of Mes-
BTMT, Et;-BTMT and OEt;-BTMT (a model of ODes-BTMT). Syn/anti refers to the orientation of one
CH,SH group relative to the other two.

2.3.1 STM characterization

STM provides direct insights into local structures of molecular monolayers on conductive
surfaces and has been frequently used for the analysis of thiol assemblies on Au(111).%® STM
images of Mes-BTMT and Etz-BTMT SAMs (Fig. 2.4) exhibit rather disordered structures, as
compared to the 2D crystalline SAMs (Fig. 2.S11) formed under identical conditions by 1-
octanethiol (CgSH), used as a reference throughout this study. A partial ordering is, however,
manifested as rows of bright protrusion, particularly for Mes-BTMT. The separation between
these rows (~1.3 nm) corresponds well to the lateral size of the molecule plus the van der Waals
(vdW) spacing (Fig. 2.S12). Although 2D FFT (Fig. 2.4g) shows a weak indication of long-
range ordering, the quality of the data does not allow extracting reliable unit cell parameters.
Therefore, a pair correlation analysis of the observed bright protrusions has been performed via
the nearest three-point contacts (Fig. 2.S13). This procedure provides both the average
intermolecular distances and the relative orientation of two contacts emanating from the same
origin (an angle of a “local unit cell”). The resulting histograms of the nearest neighbor distances
for Me3-BTMT shows a bimodal distribution with preferred distances at ~0.5 nm and ~1.2 nm
(Fig. 2.4c). The longer of the two distances corresponds to the separation between the
aforementioned rows, while the shorter one can be attributed to the preferentially spacing along

the rows. The latter is significantly smaller than the lateral size of the molecules in a lying down
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orientation on the surface. However, it is consistent with the molecules standing up and closely
packed in the rows of co-aligned benzene rings, with possible r-stacking interaction (Fig. 2.4e).

The pair correlation analysis*’*® (see also Fig. 2.S13) for the SAM of Et;-BTMT (Fig.2.
4d) shows the most frequently observed intermolecular contacts at ~1.0 nm which is consistent
with the tentative model of flat-lying molecules (Fig.2.4f). A minor peak at ~0.6 nm in the
distribution histogram suggests some occurrence of vertically oriented molecules, as tentatively
presented by the model in Fig. 2.4h. Thus, the discussed above conformational effect of the
ethyl groups and the possible hindrance to n-stacking of the vertically oriented molecules seem
to favor, albeit not fully enforce, the lying down assembly of the Ets-BTMT. A co-existence of
the two self-assembly modes may well be responsible for the generally less-ordered STM
appearance of the Ets-BTMT SAM.
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(HEPE Pt

Figure 2.4. Representative 25x25 nm STM images of SAMs formed by Me3s-BTMT (a) and Et;-BTMT
(b); scanning parameters: (a) Vi = 800 mV, It = 0.2 nA; (e) Vi = 600 mV, I = 0.3 nA). (c), (d)
Corresponding histograms of the nearest neighbor distances; the red bars correspond to intermolecular
separations that are only possible for standing up molecules; green bars represent distances at which the
neighboring molecules can either lie down or stand up on the surface. Tentative models for close-packed
assembly of ‘standing up’ Mes-BTMT (e) and Et;-BTMT (h) and ‘lying down’ Ets-BTMT (f). (g) Fast
Fourier transform (FFT) image of (a).

To further promote the lying down orientation, the trithiol ODe3-BTMT was equipped
with three long dodecyl chains which were expected to engage in multiple van der Waals
interactions with the surface and between themselves. Fig. 2.5 shows STM images of SAMs of
ODes-BTMT and of its non-thiolated analog ODes-B. The defining role of the alkyl chain
interactions is apparent from the assembly of ODes-B which forms a well-ordered 2D periodic
lattice with an oblique unit cell (a =1.4 £ 0.1 nm; b = 2.3 £ 0.2 nm; a = 78 £ 6°). The high-
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resolution image of this assembly clearly shows the orientation of the alkyl chains (Fig. 2.5c).
Measurements of the area available for adsorption of alkyl side chains, together with the number
of visualized alkyl chains, suggest that two interdigitated alkyl chains are adsorbed on the
surface, while the third one protrudes into the solution (as observed earlier for similar

molecules).*

N @ o @
- S:palgtion, nm
Figure 2.5. Representative STM images of SAMs formed by ODes-BTMT (a,c) and ODes-B (b,d). Image
size and scanning parameters: (a) 77x77 nm, V, = 300 mV, Iy = 0.15 nA; (b) 40x40 nm, V, = 800 mV, I
=0.08 nA; (c) 25%25 nm, V, = 300 mV, I; = 0.15 nA; (d) 25%25 nm, V, =800 mV, I;=0.08 nA. An inset
in (a) shows fast Fourier transform (FFT) image of the STM micrograph. (e) A histograms of the nearest
neighbor distance of ODes-BTMT along (yellow bars) and across (blue bars) the apparent one-
dimensional rows (marked with the yellow arrow in (a) and (c). (f) Tentative models for self-assembly
of ODes-B. For clarity, the alkyl chains pointing into the solution face are not shown.

23
2.5
2.7
2.9

The SAM of the corresponding trithiol ODes-BTMT is significantly less ordered than that
of the physisorbed ODe3-B, and contrary to Mes-BTMT and Ets-BTMT, there are no sub-
nanometer nearest neighbor separation in ODes-BTMT. The average three-point contact
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(a=1.7+0.5 nm, b=2.5£0.5 nm, o =75°%£20°, SI3) is similar but slightly larger than the unit cell
parameters of the parent ODe3-B suggesting a similar adsorption geometry.

2.3.2 XPS characterization of tridentate benzylthiols

XPS has been widely used for the characterization of thiol-based SAMs. The binding
energy (BE) of the S2p signal provides clear evidence for S-Au bond formation. XPS S2p
spectra of the CsSH, Mes-BTMT, Etz-BTMT and ODes-BTMT SAMs are presented in Fig. 2.6.
Consistent with the literature, the S2p spectrum of CgSH shows a well resolved doublet with a
BE of 162.0 eV (S2ps2 peak).>® The Mes-BTMT, Et;-BTMT and ODes-BTMT SAMs show
broad S2p peaks best fitted as two doublets at 162.0 eV and 163.0 eV (for S2pa/. peaks) assigned
to Au-bonded and non-bonded sulphur, respectively. No oxidized sulphur is detected at higher
binding energy values (>166 eV*°).

Intensity (a.u)

ODe;-BTMT
| o R,
158 160 162 164 166 168 170 172 174
Binding energy (eV)
Figure 2.6. X-ray photoelectron spectra and their deconvoluted components of the four SAMs studied,

formed by 18 h immersion of Au/mica slides in 0.1mM DMF solutions of the corresponding thiols.

Compared to the SAM of CgSH, where all sulphurs are bound to gold (100%), the trithiols

reveal a mixture of bonded and nonbonded sulphur (Table 2.1). The lowest degree of sulphur
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binding (~44%) was observed for Me3-BTMT, while Et-BTMT and ODes-BTMT shows a
higher bound/non-bound thiol with the values of ~73% and ~90% respectively.

Table 2.1. A summary of XPS and electrochemical analysis of CsSH, Me3-BTMT, Etz-BTMT
and ODe3-BTMT SAMs on Au.

CsSH Mes-BTMT Et-BTMT ODes-BTMT
S/St (%)? 100 44 73 90
St/AUP 4.2x10°° 7.5x10°3 5.6x10°3 4.2x10°3
Cycle 1 EC -0.88 -0.83 -0.86 -1
(V vs Ag/AgCl)
Qc (UC/cm?) @ 33.1 31.6 24.2 14.5
I" (mol/cm?) ¢ 3.4x1010 2.6x10710 1.1x10°%0 0.6x10710
A’ (nm?)f 0.5 0.7 1.6 2.8
fwhm (mV) ¢ 37 46 113 120
Cycle 2 Ered -0.84 -0.85 -0.89 -0.92
(V vs Ag/AgCl)
Qc (UC/cm?) 15.4 13.9 11.8 13.6
Qc2/Qc1 0.47 0.44 0.49 0.94

(a) XPS ratio of bound sulfur to total sulfur (b) XPS ratio of total sulfur to gold (c) desorption peak
potential, (d) desorption charge density, (e) electrochemical surface concentration, (f) area per
molecule (deduced from I'), and (g) full width at half-maximum of a desorption wave.

The ratio of the peak areas of bound/non-bound sulphur might be related to the
conformation of tridentate molecules forming the SAMs. The observed ratio suggests that Mes-
BTMT molecules are most likely attached to the gold substrate in a standing-up configuration,
which allows for only one of three thiol groups to bind to the surface. On the other hand, Ets-
BTMT involves both the lying down and standing-up conformations, resulting in ca. two thiol
groups per molecule being bound to the gold surface. This difference can be explained by the
large energetic preference of all thiol groups in Ets-BTMT to adopt the syn conformation (Fig.
2.3), which facilitates their binding with the surface. In addition, the bulkier ethyl substituents
can inhibit the =...7m interactions between the aromatic cores that are the likely source of
stabilization of the standing-up conformation of the Mes-BTMT case, as suggested by STM

measurements.
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Interestingly, ODe3-BTMT does not show a large preference for the co-facial syn
position of its thiol groups, and exhibits the lowest extent of non-bound sulphur. This most likely
should be attributed to the large preference of these molecules to adsorb in a lying down
orientation on the surface, so as to maximize the vdW interactions of the alkoxy chains with the
gold and between themselves.

The analysis of the ratio of the S2p and Au4f peak intensity (Table 2.1) shows a decrease
of the molecular surface density upon increasing the size from Me to Et to ODe. This trend is
also in agreement with the footprint of the different conformations of these tridentate molecules.
Indeed, ODes-BTMT shows the lowest surface density, followed by Etz-BTMT (both in a lying
down conformation) and finally Mes-BTMT which adopts standing-up conformation. For CgSH,
the lower sulfur to gold ratio could be explained by attenuation of the photoelectrons by standing
up alkyl chain (which leads to a relative enhancement of the Au signal from defective areas of
the SAMPY).

2.3.3 Electrochemical desorption of tridentate benzylthiols

Further information concerning the strength of the intermolecular interaction, degree of
molecular order, and surface density of SAMs was acquired by electrochemical desorption
experiments. Fig. 2.7 shows consecutive cyclic voltammograms (CV) of CsSH, Mes-BTMT,
Et:-BTMT and ODe3-BTMT coated gold electrodes. The CVs were recorded by repetitive
scanning of the potential of the SAM-modified gold electrode from 0 to —1.3 V at 0.02 V/s in
aqueous KOH solution (0.5 M). On cathodic sweep, all SAMs exhibit an irreversible reduction
wave between Ered —0.83 and —1 V vs Ag/AgCl indicative of S—Au bond cleavage.® Significant
differences in the shape and position of the desorption peaks as well as the quantity of reductive
charge for the four SAMs were observed (Table 2.1).

The shape and the location of the desorption peak is strongly affected by the state of the
monolayer, including factors such as the packing density and the magnitude of the lateral
interactions between the adsorbed molecules.>*>* As shown in Fig. 2.7, desorption of a CsSH
SAM results in a narrow symmetric cathodic peak at —0.88 V. With respect to the CsSH SAM,
the reduction peaks of Mes-BTMT, Etz-BTMT SAMs were observed at less negative potentials,
at—0.83 V and —0.86 V, respectively, while ODes-BTMT SAM reveals a peak at a more negative

potential (around -1 V). The shift toward more negative potential was previously correlated
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with the electrochemical stability of the SAM.>® The following trend in SAM stability is thus
suggested: ODe3-BTMT > CgSH > Ets-BTMT > Me3-BTMT. The apparent electrochemical
stability of CgSH is thus higher than that of Et3-BTMT although the latter forms at least twice
as many thiol-gold bonds with the surface. This observation highlights that both chemisorptive
(Au-S) bonding and vdW intermolecular interactions are (equally) important contributors to the

stability of thiol-based monolayers.?>3
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Figure 2.7. Cyclic voltammograms of the reductive desorption of the four SAMs on gold working
electrode in 0.5 M KOH. The first (solid line) and the second cycles (dashed line) are shown. Scan rate

0.02 VIs.

On the other hand, CsSH and Me3-BTMT show full width at half-maximum (fwhm) values
of 37 mV and 46 mV respectively, while broader peaks are observed for Etz-BTMT and ODes-
BTMT, with fwhm of 113 and 124 mV respectively. A very small fwhm was previously
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explained by the extensive intermolecular interactions within the SAMs of n-alkanethiols. For
aromatic trithiols SAMs, the relative sharpness of the reductive peak of Me3-BTMT could be a
confirmation of the suggested earlier standing up orientation of this molecule, which can engage
in intermolecular m-interactions. On the other hand, the larger fwhm of Et3-BTMT and ODes-
BTMT is consistent with each adopting a lying down orientation on gold surface.

Integration of the reductive desorption peak of CsSH yields a charge density (Qc) of 33
uC/cm?. This is smaller than theoretical value but consistent with other reports for gold surfaces
prepared by analogous procedure (cleaning with piranha solution).>>* Electrochemical
desorption of Mes-BTMT, Ets-BTMT and ODes-BTMT is associated with the charge densities
of 32 pC/ecm?, 24 pC/ecm? and 15 puC/cm? respectively. The charge density was then converted
to a surface concentration value assuming 1.3 electron per molecule for Mes-BTMT, 2.2 for Ets-
BTMT and 2.7 for ODes-BTMT as per the XPS-derived ratios of bound to nonbound sulphur,
Table 2.1. These calculations lead to surface concentrations of 3.6x107'° mol/cm?, 1.1x1071°
mol/cm? and 0.6x1072° mol/cm?, and molecular footprint areas of 0.7 nm?, 1.6 nm? and 2.8 nm?
for Mes-BTMT, Et3-BTMT, and ODe3-BTMT, respectively. These values are in agreement with
the XPS and STM data: as the size of the substituent increases the constituent molecules occupy
a greater area in the respective SAMs.

In each of the four SAMSs, upon reversing the scan direction, weak broad anodic
(oxidation) peaks arise, characteristic of re-adsorption of the non-diffused thiolate. In the second
CV cycle (Fig. 2.7, dashed curve), the oxidatively re-adsorbed thiols are again desorbed.
Significant differences in the shape and position of the desorption peaks and in the quantity of
reductive charges between the first and second cycle were observed, reflecting the change of the
adsorbed state of the molecules.

For CgSH, the integration of second reduction peak shows that 45% of the desorbed thiols
molecules subsequently re-adsorb on an anodic scan. Similar redeposition efficiencies are
measured for both Me3-BTMT (44%) and Ets-BTMT (49%). In contrast, ODes-BTMT
undergoes much more extensive readsorption (95%). This is likely related to the lesser solubility
of ODe3-BTMT thiolate vs Mes-BTMT and Ets-BTMT in the aqueous electrolyte. Such
behavior has been previously reported for C16SH and explained by the formation of micelles of
amphiphilic C16S™ at the electrode-electrolyte interface, which significantly lowers the diffusion

coefficient.®’
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The reduction potential of the second voltammetric sweep undergoes a shift of +40 mV in
the case of CgSH, —20 mV for Me3-BTMT, —30mV for Ets-BTMT, and +80 mV for ODes-
BTMT. This positive shift, frequently observed in alkanethiol desorption,®>* is attributed to the
higher ionic permeability of the less ordered SAM that is formed during the oxidative
readsorption. On the other hand, the formation of disulfide bridges between the free thiols of
neighboring molecules within the SAM during the oxidative readsorption might explain the
negative shift observed for Mes-BTMT and Ets-BTMT.%8¢

Overall, the electrochemical data are thus consistent with a standing up organization of
Mes-BTMT and a lying down conformation of Et-BTMT and ODes-BTMT.® The standing up
orientation yields a SAM with high molecular density, greater intermolecular interactions and
the possibility of formation of a disulphide bonds. The lying down orientation of ODe3-BTMT
and to a lesser extent Ets-BTMT (whose SAM also includes some standing-up molecules) yields

a lower surface coverage and weaker intermolecular interactions.

2.4 Conclusions

A set of new tridentate molecules based on a benzene ring substituted with three
methylthiol groups in alternation with three alkyl chains were synthesized and their self-
assembly on Au(111) was studied. STM characterization of the resulting SAMs revealed a
locally ordered arrangement of bright protrusions attributable to individual molecules. XPS and
electrochemistry results establish that the surface density and orientation of these molecules
depend on the size of their substituents. SAMs of Mes-BTMT exhibit the higher molecular
density of the three molecules studied and the lowest ratio of bound/non-bound thiol. This
suggests a preference for the standing-up orientation for this molecule. For Ets-BTMT, the
bulkier ethyl substituents favors a lying down orientation on the surface, yielding a SAM with
a higher degree of chemisorption (>70% of thiol groups are bonded to gold). Finally, ODes-
BTMT, predominantly adsorbs in a lying down orientation, with almost all its thiol groups
bonded to the gold substrate. This orientation is driven mainly by the vdW interactions between
the alkoxy chains and the gold, and between themselves. Overall, the balance between
intermolecular and molecule—substrate interactions appear to determine the packing,

orientation, and stability of the monolayer of tridentate thiols.
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2.5 Experimental section

Preparation of the SAMs. Au(111) substrates with atomically flat terraces were prepared by
thermal evaporation of gold onto freshly cleaved mica sheets preheated at 450 °C under a
pressure of 1077-107® Pa.%! Au/Cr/glass and Au/Cr/Si substrates were purchased from Emtron
Hybrids (Yaphank, NY).The SAMs of CsSH, Me3-BTMT, Ets-BTMT and ODes-BTMT SAMs
were prepared by immersing the Au/mica (for STM measurements), Au/Cr/glass and Au/Cr/Si
substrates (for other measurements) in a 0.1 mM DMF (ACS reagent) solution of the
corresponding thiols under Ar atmosphere at room temperature for 18 hours. After SAM
formation, the samples were thoroughly rinsed with pure DMF to remove physisorbed
molecules and dried under a stream of ultrapure No.

Cyclic voltammetry (CV). Prior to SAM deposition, the gold electrodes were dipped into a
freshly prepared piranha solution (concentrated H2SO4: 30% H20, = 3:1) for 5 min (caution:
“piranha solution” reacts violently with organic materials and should be handled very carefully),
rinsed with copious quantities of Milli-Q water, and dried under an N2 stream. This was
immediately followed by electrochemical polishing performed by repetitive CV cyclesin 0.5 M
H2SO4 solution from —0.4 to +1.5 V at 0.1 V/s, until reproducible voltammograms were
obtained.

The electrode roughness factor y was determined by integrating the charge of the reduction peak
of the gold oxide.?2%% Assuming a theoretical value®® (Qo2) of 400 pC/cm? for a monolayer of
chemisorbed oxygen on a polycrystalline gold electrode and a geometric area (Ag) of the Au
electrode of 3.2x1073 cm?, the Au electrode roughness factor was determined to be y = 1.3+ 0.1
(v = Qc/(AgxQo2)), where Qc is the charge of the reduction peak of gold oxide (LC)).

Cyclic voltammograms were acquired using a CHI 760C workstation (CH Instruments Inc,
Austin, TX). The three-electrode electrochemical cell consisted of a modified Au electrode, a
Pt wire counter electrode, and an Ag/AgCl reference electrode. The reductive desorption of the
SAMs was performed in 0.5 M KOH solution, purged with high purity Ar for 15 min prior to
measurements. The reductive desorption voltammograms were recorded by cycling the potential
between 0.1 to —1.3 V at 0.02 V/s. The surface concentration of the adlayer, I (mol/cm?) was
obtained from Faraday’s law: I'm= Q/ZnFA, where Q (UC) is the passed charge determined

from the CVs by integrating the area under the reduction peak, Z is the number of electrons
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involved in the redox reaction, n is the number of moles of reactants, F is Faraday’s constant
and A is the active area of gold electrode (A=Agxy (cm?)).

Scanning tunneling microscopy (STM). STM measurements were performed under ambient
conditions using either a NanoSurf EasyScan 2 or Multimode8™ equipped with a Nanoscope ™
V controller (Bruker, Santa Barbara, CA) and Nanoscope 8.15r3 software. The STM tips were
mechanically cut from Pt/Ir wire (80/20, diameter 0.25 mm, Nanoscience). All STM-images
were obtained in the constant current mode using an A scanner and low current STM converter
by applying a tunneling current lset of 70 to 250 pA and a sample bias Vst of 500 to 1400 mV.
Calibration of the piezoelectric positioners was verified by atomic resolution imaging of
graphite. The raw images were processed from WSxM5.0 software® through 2D-FFT and line
profiles.

X-Ray photoelectron spectroscopy (XPS). XPS spectra were recorded on a ThermoFisher
Scientific K-alpha instrument equipped with a monochromatic Al Ko X-ray source (1486.6 eV).
Spectral energies were calibrated by setting the binding energy of Au 4f72 (84.0 eV). The peak-

fitting procedure was performed using the Thermo Avantage software (version 4.60).
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Appendix X

Figure 2.SI1. STM images of 1-octanethiol deposited from 0.1M DMF solution. (a) Low
resolution and (b) high resolution STM images (a): 59x59 nm; (b):20x20 nm; Vy =700 mV, | =
0.1 nA of CsSH SAMs on Au(111). The white arrow in figure (a) indicates an etch pit in CgsSH
SAMs.
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Figure 2.S12. DFT (B3LYP/6-31G(d)) calculated molecular dimensions of Mes-BTMT and Ets-
BTMT.
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Figure 2.SI13. Pair correlation analysis of the nearest three-point contacts determined for
monolayers of: a) Mes-BTMT, b) Ets-BTMT and 3) ODes-BTMT. Relative orientations of all
possible trios of molecules (manually determined from high-contrast spots in STM images) was
plotted in the same coordinates, providing both the average intermolecular distances and the
relative orientation of two contacts emanating from the same origin (an angle of a “local unit cell”).
Intermolecular separations larger than 1.6 nm (for Mes-BTMT and Et:-BTMT) and 3 nm (for
ODe3-BTMT) were excluded from the analysis. The red color for molecular positions and “unit
cell” vectors bars correspond to intermolecular separations that are only possible for standing up
orientation of molecules (<0.9 nm for Me3-BTMT and <1.0 nm for Etz-BTMT). Green color for
molecular separations and average “unit cell vectors” represent distances at which the neighboring
molecules can either lie down or stand up on the surface. The other colors do not bear any internal
assignment. Average “unit cells” were: (a) a=0.5+0.2 nm, b=1.1+0.4 nm, o =80°+£10°; (b)
a=0.7£0.2 nm, b=1.0+£0.3 nm, a=73°+20°; a=0.9£0.2 nm, b=1.1+0.3 nm, o =75°+20°; (c)
a=1.7+£0.5 nm, b=2.5+0.5 nm, a =75°+20°.
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Synthesis.

1,3,5-Trimethyl-2,4,6-tris(chloromethyl)benzene. To a one-neck round-bottom flask equipped
with a stir bar were added mesitylene (21.6 g, 0.18 mol), paraformaldehyde (32.4 g, 1.08 mol),
concentrated hydrochloric acid (156 g, 1.58 mol) and sodium chloride (5.61 g, 0.10 mol). A cooler
condenser was connected to the flask, and the mixture was refluxed for 12 h under vigorous stirred.
After cooling down to r.t., the liquid part was decanted, and another portions of paraformaldehyde
(32.4 g, 1.08 mol), concentrated hydrochloric acid (156 g, 1.58 mol), sodium chloride (5.61 g, 0.10
mol), and zinc chloride (24.6 g, 0.18 mol) were added to the reaction mass. The mixture was
refluxed for another 24 h under vigorous stirring. After cooling to room temperature, the
precipitate was filtered and washed a several times with water and concentrated under reduced
pressure. The crude material was recrystallized from dichloromethane/toluene mixture to give the
desired product (22.8 g, 48%) with NMR spectral data identical to that previously reported.?

1,3,5-Trimethyl-2,4,6-tris(S-acetylthiomethyl)benzene.1,3,5-trimethyl-2,4,6-
tris(chloromethyl)benzene (1.0 g, mol) and potassium thioacetate (3.0 g, mol) were dissolved in
DMF (10 mL) and stirred at r.t. for 4 h. The reaction mixture was poured into water (100 mL),
resulting in significant precipitation. The solid material was collected by filtration, washed with
H>0 (200 mL), and dried under reduced pressure to give the desired product as yellow powder
(1.42 g, 98%). H NMR (300 MHz, DMS0-d6): § = 4.15 (6H, s), 2.36 (9H, s), 2.20 (9H, s).

1,3,5-Trimethyl-2,4,6-tris(hydrothiomethyl)benzene [Mes:-BTMT]. In a flame-annealed round-
bottom flask equipped with a stir bar, 1,3,5-trimethyl-2,4,6-tris(S-acetylthiomethyl)benzene (1
equiv.) was dissolved in a nitrogen-purged 1,4-dioxane. Aqueous solution of sodium hydroxide
(5.5 equiv.) was added dropwise to the above solution under N2 atmosphere, and the mixture was
refluxed for 2 h. After cooling to r.t., 2M HCI (6.5 equiv.) was added dropwise to the reaction
mixture, and the mixture was stirred at r.t. under nitrogen for another 1 h. N>-purged H>O was
added, and the product was extracted with chloroform. The organic layer was washed with H.O
until neutral pH, and dried over MgSOa4. The desired product was obtained in quantitative yield
and with NMR spectral data identical to that reported earlier.!

1,3,5-Triethyl-2,4,6-tris(boromomethyl)benzene. To a 250 mL one-neck round-bottom flask
equipped with a stir bar were added 1,3,5-triethylbenzene (3.93 g, 24 mmol), paraformaldehyde
(8.75 g, 292 mmol), zinc bromide (9.69 g, 43 mmol), and 33% wt hydrogen bromide solution in
acetic acid (55 mL; 0.3 mol). A cooler condenser was connected to the flask, and the mixture was
heated to 100°C for 22 h under vigorous stirred. The mixture dissolved completely once heated,
and in 3 h no precipitate was observed. Overnight heating resulted in formation of a precipitate,
indicating that the reaction has completed. After cooling to room temperature, the precipitate was
filtered and washed several times with water (400 mL). To remove possible zinc residues, the
crude product was suspended in 1.5 M HCI (14 mL conc. HCI in 100 mL H20) and kept under
stirring for 30 min. The solid product was filtered, washed with water until the wash solution had
a neutral pH, then resuspended in 0.5 M aqueous NaHCOs3 (5.336 g in 100 mL H>0) and kept
stirred for 20 min. The material was filtered, washed with H>O until neutral pH, and dried under
reduced pressure to give the desired product as a white powder (9.99 g, 93%). m.p.=168-169°C.
'H NMR (400 MHz, CDCl3): & =4.58 (6H, s), 2.94 (6H, q, ] = 7.6 Hz), 1.35 (9H, t, ] = 7.6 Hz).
13C NMR (75 MHz, CDCl3): & =144.97, 132.63, 28.56, 22.73, 15.62.

1,3,5-Triethyl-2,4,6-tris(S-acetylthiomethyl)benzene. In a 250 mL one-neck round-bottom flask
equipped with a stir bar, potassium thioacetate (9.09 g, 80 mmol) was dissolved in
dimethylformamide (100 mL). 1,3,5-Triethyl-2,4,6-tris(boromomethyl)benzene (4.95 g, 11 mmol)
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was added to this solution and stirred at room temperature under N2 for 3 h. The reaction mixture
was poured into water (200 mL) and the resulting precipitate was collected by filtration, washed
with H,O, and dried under reduced pressure to give the pure product as a white powder (4.74 g,
999%). m.p.=148-149°C. *H NMR (400 MHz, CDCls): § =4.17 (6H, s), 2.60 (6H, q, ] = 7.6 Hz),
2.36 (9H, s), 1.22 (9H, t, J = 7.6 Hz). C NMR (75 MHz, CDCl3): & = 196.03, 143.15, 130.24,
30.32, 28.42, 23.29, 15.68. m/z (ESI" HRMS) for C.1H3003Ss: 449.1249 (M+Na)*, found
449.1240.

1,3,5-Triethyl-2,4,6-tris(hydrothiomethyl)benzene) [Et:-BTMT]. 1,4-Dioxane and distilled
H>0 were purged with bubbling Ar before use. Ina 100 mL two-neck round-bottom flask equipped
with a stir bar, 1,3,5-Triethyl-2,4,6-tris(S-acetylthiomethyl)benzene (0.716 g, 1.68 mmol) was
dissolved in 1,4-dioxane (50 mL). The flask was equipped with a condenser and a rubber septum,
and the system was flushed with Ar gas for ~30 min. Sodium hydroxide (0.393 g, 9.82 mmol) was
dissolved in H20 (3 mL) and added dropwise to the solution at r.t. The mixture was refluxed under
Ar for 3 h, then cooled to r.t. 2M HCI (5 mL, 10.0 mmol) was added dropwise, and the mixture
was stirred at r.t. for 1 h under Ar. H20 was added, and the product was extracted with chloroform.
The organic layer was washed with H.O several times and dried over MgSOg, followed by
filtration and solvent evaporation to give the desired product as a white powder (0.504 g, 100%).
'H NMR (400 MHz, CDCls): 6=3.76 (6H, d,J = 6.4 Hz), 2.86 (6H, q, ] = 7.6 Hz), 1.70 (3H, t, ]
=6.2 Hz), 1.27 (9H, t,J = 7.6 Hz). *C NMR (75 MHz, CDCls): = 140.21, 135.48, 22.81,22.77,
16.12.

1,3,5-Tris(acetyloxy)benzene. Acetic anhydride (70 mL, 0.7 mol) was added to a solution of
phloroglucinol dihydrate (11.89 g, 73 mmol) in pyridine (50 mL) at r.t. under vigorous stirring.
[Note: exothermic reaction!] In 1.5 h, ice (ca. 400 mL) was added to the reaction mixture resulting
in formation of precipitate, and stirring continued for another 1 h to destroy the excess Ac2O. The
resulting solid material was filtered, washed with H,O, and dried under reduced pressure to afford
1,3,5-tris(acetyloxy)benzene (17.01 g) as a light gray powder. Yield: 93%. m.p.=105-106°C. *H
NMR (300 MHz, CDClg): §=6.84 (3H, s), 2.28 (9H, s). 13C NMR (75 MHz, CDCI3): §=168.56,
151.07, 112.75, 21.08.

1,3,5-Tris(decyloxy)benzene.

In a 500 mL one-neck round-bottom flask equipped with a stir bar, 1-bromodecane (40 mL, 190
mmol) was added to a solution of 1,3,5-tris(acetyloxy)benzene (13.4 g, 50 mmol) in DMF (150
mL) at -5°C under vigorous stirring. 60% NaH in mineral oil (17.9 g, 440 mmol) was added in one
portion, and the reaction mixture was stirred for 20 min, followed by addition of H>O (6 mL, 330
mmol) at -5°C dropwise over a period of 1 h. [Note: because of released Hy, it is important to use
a relatively large volume flask as used here.] The reaction mixture was allowed to slowly warm to
heat to r.t and kept under vigorous stirring overnight. After 21 h, the reaction mixture was heated
to 50°C and stirred for another 2 h. Brine was added, and the product was extracted into ethyl
acetate. The organic layer was washed with H>O and concentrated under reduced pressure to afford
a crude product consisting of target material and excess of 1-bromodecane, which was removed
by distillation using Blchi Glass Oven B-585 under reduced pressure (0.25 mbar) at 100°C. The
residue from the reaction flask was filtered through silica gel using hexane as an eluent, affording
1,3,5-tris(decyloxy)benzene (16.21 g) as a light yellow liquid. Yield: 56%. The compound contains
an impurity of mineral oil (from NaH) and can be used as is in further synthesis. For analytical
purposes, it was purified by column chromatography (SiO2; hexane — hexane/CH2Cl, (2:1)
gradient). *H NMR (300 MHz, CDCls): & = 6.06 (3H, s), 3.90 (6H, t, ] = 6.6 Hz), 1.75 (6H, p),
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1.52-1.20 (42H, m), 0.88 (9H, t, J = 6.6 Hz). 3C NMR (75 MHz, CDCI3): & = 160.93, 93.72,
67.99, 31.91, 29.59, 29.57, 29.39, 29.33, 29.25, 26.06, 22.69, 14.13. m/z (ESI* HRMS) for
CasHesO3: 547.50847 (M+H)*, found 547.50915.

1,3,5-Tris(decyloxy)-2,4,6-tris(bromomethyl)benzene. To a 100 mL one-neck round-bottom
flask equipped with a stir bar were added 1,3,5-tris(decyloxy)benzene (2.97 g, 5.43 mmol),
paraformaldehyde (2.57 g, 85.7 mmol), zinc bromide (2.30 g, 10.2 mmol), and 33% wt hydrogen
bromide solution in acetic acid (20 mL; 110 mmol). A condenser was connected to the flask, and
the mixture was heated to 55°C for 91 h under vigorous stirring. Higher temperature (~70°C)
resulted in loss of alkoxy groups, and a lower temperature (~35°C) is insufficient to complete the
reaction. The reaction mass was cooled to room temperature, H.O was added, and the product was
extracted to ethyl acetate. The organic layer was washed with H20 until the wash solution was at
neutral pH, dried over MgSQOs, filtered and concentrated under reduced pressure. The crude
product was purified by column chromatography on silica using hexane and dichloromethane to
afford the desired product as a colorless oil (0.71 g, 16%). *H NMR (300 MHz, CDCls3): & =4.58
(6H, s), 4.25 (6H, t, J = 6.9 Hz), 1.93 (6H, p, J = 6.9 Hz), 1.6-1.2 (42H, m), 0.89 (9H, t, J = 6.8
Hz). 3C NMR (75 MHz, CDCls): & =159.50, 123.15, 75.04, 31.91, 30.31, 29.61, 29.58, 29.50,
29.34,25.82, 23.11, 22.71, 14.15.

1,3,5-Tris(decyloxy)-2,4,6-tris(S-acetylthiomethyl)benzene. In a 10 mL one-neck round-bottom
flask equipped with a stir bar, potassium thioacetate (97 mg, 0.85 mmol) was dissolved in
dimethylformamide (1 mL) and mixed with 1,3,5-tris(decyloxy)-2,4,6-tris(bromomethyl)benzene
(71 mg, 0.09 mmol) dissolved in dimethylformamide (1 mL). The reaction mixture was stirred at
room temperature for 2 days. H.O was added, and the product was extracted to chloroform. The
organic layer was washed with H>O a few times, dried over MgSQg, filtered and concentrated
under reduced pressure to afford the desired product as a yellow oil (51 mg, 75%). *H NMR (300
MHz, CDCl3): 6 =4.17 (6H, s), 3.79 (6H, t, ] = 6.8 Hz), 2.33 (9H, s), 1.80 (6H, p), 1.51-1.21
(42H, m), 0.88 (9H, t). 3C NMR (75 MHz, CDCls): & = 195.37, 157.84, 120.37, 75.40, 31.92,
30.24, 30.22, 29.62, 29.58, 29.52, 29.35, 25.89, 23.41, 22.70, 14.14. m/z (ESI* MS) for
Ca5H7806Ss: 833.4858 (M+Na)*, found 833.4852.

1,3,5-Tris(decyloxy)-2,4,6-tris(hydrothiomethyl)benzene [ODe3-BTMT]. 1,4-Dioxane and
distilled H>O were degassed with bubbling Ar before use. In a 100 mL two-neck round-bottom
flask equipped with a stir bar, 1,3,5-tris(decyloxy)-2,4,6-tris(S-acetylthiomethyl)benzene (0.90 g,
1.1 mmol) was dissolved in 1,4-dioxane (15 mL). The flask was equipped with a condenser and a
rubber septum, and the system was flushed with N2 for ~30 min. 2.9 M aqueous sodium hydroxide
(2.3 mL, 6.6 mmol) was added dropwise to the reaction at r.t. The mixture was refluxed under N2
for 2 h, then cooled to r.t. 2M HCI (3.8 mL, 7.6 mmol) was added dropwise, and the mixture was
stirred at r.t. for 1 h under nitrogen. H.O was added, and the product was extracted with
dichloromethane. The organic layer was washed with H>O several times and dried over MgSOg,
followed by filtration and solvent evaporation to yield the desired product as a light yellow oil
(0.64 g, 84%). *H NMR (300 MHz, CDCls): § = 3.95 (6H, t, J = 6.6), 3.69 (6H, d, ] = 7.8 Hz),
2.23 (3H,t,J=7.8 Hz), 1.86 (6H, p, J = 7.2 Hz), 1.6-1.2 (42H, m), 0.89 (9H, t, J = 6.5 Hz). °C
NMR (75 MHz, CDCl3): & = 155.49, 125.73, 75.15, 31.87, 30.44, 29.57, 29.55, 29.49, 29.30,
26.03, 22.66, 18.18, 14.10. m/z (APCI- HRMS) for CagH720:S3: 683.45708 (M-H)", found
683.45550.
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Spectral data.
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Figure 2.S14. 'H NMR spectrum of 1,3,5-trimethyl-2,4,6-tris(S-acetylthiomethyl)benzene.
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Chapter 3: Directing the Assembly of Gold Nanoparticles
with Two-Dimensional Molecular Networks

As shown in the Chapter 1, physisorbed molecular networks (SAMNSs) with a broad variety
of architectures have been developed and explored as molecular templates for various molecular
guests. However, their use in templating nanostructured inorganic materials has been rarely
explored. In this Chapter, we demonstrate a unique capability of a p-dialkoxybenzene derivatives
SAMN: s in the precise organization of nanoparticles. Interestingly, we found that van der Waals
interactions alone, between the alkyl chains of the AuNP and the molecular templates, provide
sufficient energy to enable a templated assembly of the AUNP. The assembly efficiency is greatest
when these chains are of similar length. These results highlight the potential application of SAMN

for directing the assembly of inorganic nanomaterials (metal nanoparticles, quantum dots, etc.)

Adapted with permission from:
M. A. Mezour, 1. I. Perepichka, J. Zhu, R. B. Lennox, and D. F. Perepichka. Directing the

Assembly of Gold Nanoparticles with Two-Dimensional Molecular Networks. ACS Nano, 2014,
8, 2214-2222, DOI: 10.1021/nn405357j. Copyright, 2014, the American Chemical Society.

I am the principal author of this article. | collected and analyzed STM data and edited the

manuscript. Dr. |. Perepichka synthesized and characterized all molecules used in this study. Dr.
Jun Zhu and | synthesized AuNPs.
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3.1 Abstract

Lamellar patterns resulting from the adsorption of p-dialkoxybenzene derivatives on HOPG
have been investigated as molecular templates for directing the assembly of thiol-capped gold
nanoparticles (AuNP). STM characterization at the liquid—solid interface reveals the periodic
arrangement of AuNP on top of the self-assembled molecular network (SAMN), leading to the
formation of a 2D superlattice spanning hundreds of nanometers can be readily assembled with
this sample template process in epitaxial relation to the SAMN. The resulting superlattices are
notably non-centrosymmetric and thus differ from the close-packed superlattices formed by
spherical nanoparticles during evaporative drying. The templating effect is based on van der Waals
interactions of the alkyl chains of the SAMN and AuNP, and the assembly efficiency is greatest
when these chains are of similar length.

3.2 Introduction

The precise organization of nano-objects into well-defined patterns at surfaces and interfaces
offers a versatile approach to the development of technologically important materials and devices.*
Among the various existing nanopatterning methods,?® self-assembly has gained increasing
attention as a highly accurate, efficient, and low-cost “bottom-up” approach.*>6 Molecular self-
assembly in particular provides a flexible and efficient way to create complex structures and
patterns with sub-nanometer precision over an extended length scale.”® Using supramolecular
chemistry “tools” (i.e. hydrogen bonding, van der Waals (vdW) interactions, n—n stacking, metal
coordination), self-assembled molecular networks (SAMN) with a broad variety of architectures
have been developed and explored as molecular templates. For example, SAMN of porous,
lamellar, and polymeric nanostructures have been reported to template various molecular guests,
such as fullerenes, 11! flat polyaromatic hydrocarbons, 12314 and other large macrocyclic
molecules.?>16:17

Nanoparticles (NP) can exhibit a range of desirable electronic, magnetic and optical
properties, and thus their templated assembly is of particular interest.!3° Various routes to direct
NP self-assembly have been explored, including Langmuir-Blodgett deposition,?® interfacial
assembly,?! and droplet evaporation.?? However in most cases, organization of NP is restricted to

the formation of close packed lattices as the particle-particle interactions dominate particle-

102



substrate interactions. Structurally complex arrays of NP can be obtained employing
macromolecules as templates including DNA,? linear polymers,?* and block copolymers.?>2
While remarkable and oftentimes useful, these templates are synthetically complex and the
resulting NP arrays are limited in size (as in DNA-driven assemblies) or in long-range order (and
in block-copolymer driven assemblies). In this context, the high reproducibility, versatility and
precision offered by SAMN makes them an intriguing means for templating nanoparticles
assemblies with tunable periodicity and long range order.

Little however is known about NP assembly on SAMN. To our knowledge, these studies are
limited to (i) AUNP assembly on fatty acids SAMN,?’ (ii) NiNP assembly on long alkane and
alkylthiol SAMN on HOPG?® (both attributed to vdW interactions), and (iii) AuNP assembly on a
dialkoxyanthracene derivative SAMN modified with -COOH functional group and ionic
interactions with Cu?*.2° Although the existing reports demonstrate the viability NP adsorption on
a SAMN template, little to no long-range order and very limited coverage has been achieved to
date.

Herein, we explored the use of simple p-dialkoxybenzene derivatives as templates for
directing the two-dimensional assembly of thiol-capped AuNP from solution. Using scanning
tunneling microscopy (STM) at a solid—liquid interface, we show that AUNP assemble on lamellar
SAMN to create long range-order 2D structures whose periodicities and lattice directions are
commensurate with those of the SAMN template. The aforementioned assembly is driven by vdW
interactions between the alkyl chains on AuNP surface and in SAMN, and the efficiency of

assembly is highest when the alkyl chains of each are of similar lengths.

3.3 Results

3.3.1 Self-assembly of molecular network of PhC10

Our design of molecular building blocks was based on the requirements of predictable long-
range self-assembly, the possibility for tuning the periodicity of the resulting molecular template,
and a provision for specific interactions with nanoparticles. p-Dialkoxybenzene derivatives are
among the simplest and most synthetically versatile compounds fulfilling these requirements
(Scheme 3.1). Two alkoxy chains provide for strong vdW stabilization of the 2D molecular pattern
at an HOPG surface.%3132 The periodicity of such a pattern can be controlled by the length of the
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alkyl groups (decyl vs. octadecyl). The aromatic core enables facile introduction of various
functionalities, such as thiol sites for potential binding to AuUNP (while the use of free dithiols in
air is problematic due to oxidative polymerization, acetyl-protected thiols have also been shown
to form dense-packed RS-Au monolayers).

’R CWOH21 C10H21 1) 1,4-dioxane CWH21
cho3 KI HO-[CH,0],-H DMF NaOH / H,0
HBI’/ACOH KSAC 100 °C, 2h
70°C 23h 55°C 22h rt, 21h 2) HCl, r.t., 1h
75% 94% 84% 76%
C10H21 C10H21 C10H21
R = CyoHy;: PhC10 PhC10-Br PhC10-SAc PhC10-SH

C4gHs7: PhC18
Scheme 3.1. Synthesis of template-forming molecules.

Deposition of PhC10-SAc from a tetradecane solution onto the HOPG surface results in the
spontaneous formation of a stable monolayer of PhC10-SAc molecules. Within a few minutes after
deposition, scanning tunneling microscopy (STM) imaging at the solid—liquid interface reveals
that the surface is covered with a lamellar structure of alternating bright and dark stripes. These
correspond to the aromatic core and alkyl chains, respectively, in accord with previous
observations in similar SAMN (Fig. 3.1).303132
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Figure 3.1. (a) Representative STM image (14x14 nm?; V, = 700 mV, I = 0.2 nA) of PhC10-SAc showing
the unit cell: a=2.1 £ 0.1nm; b = 1.0 + 0.1nm, a = 86 + 1°. (b) STM image (21x21 nm?) showing two
domains of PhC10-SAc (Vb = 1373 mV, I; = 0.2 nA) simultaneously resolved with the underlying HOPG
(Vb=50mV, I:=0.2 nA). The black arrows indicate the principal symmetry axes of graphite <-1100>. The
red and blue lines indicate the lamellar directions. (c) Smaller scale STM image (12x12 nm?; Vi, = 700 mV,
It =0.09 nA (for SAMN) and Vi, = 25 mV, I = 0.09 nA for HOPG) reveals out-of-plane substituents in the
benzene ring (inset: cross-sectional profile corresponding to blue line). (d) Molecular mechanics model of
the 2D packing of PhC10-SAc on a graphene sheet; optimized unit cell parameters: a = 2.1 nm; b = 0.93
nm, a. = 81°. The green atom identifies the upright position of the acetylthiol group.

The SAMN contains one molecule per rectangular unit cell (a=2.1+0.1nm, b=1.0+£0.1
nm, and a = 85 £ 1°, plane group p2), with the lamellae width (2.1 £ 0.1 nm) defined by fully
extended and interdigitated decyloxy substituents. This packing, frequently reported for the
assembly of alkylated aromatic molecules on HOPG,**3132 js driven mainly by the attractive lateral
interaction between alkoxy chains and the in-registry adsorption of alkoxy chains along one of the
main axes of the HOPG lattice.

Larger scale images reveal that the adjacent domains within the PhC10-SAc monolayer are

always oriented at angle of ® = 148 £ 3° with respect to one another (Fig.3.1b and Fig.3. SI1).
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Such an orientational effect is generally associated with co-alignment of alkyl chains of
neighboring domains and a chiral unit cell. It can be used to deduce the angle y between the alkyl
chains and the direction of the lamellae (unit cell axis a): y = ®/2 = 74 + 2° (see Fig.3.S12).
Simultaneous imaging of the SAMN and the underlying HOPG lattice (Fig.3.b,c) demonstrates an
epitaxial relationship between the two. The lamellae of PhC10-SAc SAMN are oriented with
respect to the nearest main crystallographic axis of HOPG, at the angles of 14 + 2° (Fig. 3.1b).
These angles originate from the mentioned above tilt y of the alkyl chains within the unit cell of
the SAMN (74° — 60°).

The aromatic cores in PhC10-SAc SAMN were not atomically resolved. The fuzzy image of the
aromatic cores can be attributed to the conformational freedom of the thioacetyl groups, which
protrude out of the plane of the monolayer. This behavior was previously reported for molecules
bearing out-of-plane substituents.* At certain tunneling conditions, it was possible to resolve pairs
of bright spots on the sides of bright lamellae (Fig. 3.1c). Their location and spacing (~0.75 nm)
are in good agreement with the position of the acetyl groups predicted by the molecular model
(Fig. 3.1d). The calculated unit cell parameters (a = 2.1 nm; b = 0.93 nm, o = 81°) are in in
agreement with the experimental values.

A similar SAMN could also be prepared with the deprotected dithiols PhC10-SH (Fig. 3.S13).
However, the spacing of molecules along the lamellae is less uniform and the STM imaging is
more difficult to reproduce, suggesting that the anticipated oxidative cross-linking of the thiol
groups (via disulfide bridge) might have occurred.

3.3.2 Assembly of AUNP on PhC10-SAc modified HOPG

In order to explore the potential of SAMN to template the assembly of nanomaterials, gold
nanoparticles (AuNP) stabilized by a dodecanethiol ligand shell (C12SH) were synthesized by the
Brust-Schiffrin method.% The nanoparticles were purified by repeated (10x) washing with ethanol
to remove the excess free thiol ligand and the quaternary ammonium salt (used as the phase transfer
reagent), dried in vacuum, and re-dissolved in tetradecane for the STM investigation at liquid-solid
interface. The template-directed assembly of AUNP was carried out on samples with a typical mean
size of 1.9 + 0.3 nm (Fig. 3.S14). The size distribution of nanoparticles is known to be critical for
their self-assembly into ordered arrays,® Indeed, higher polydispersity AuNP samples (3 + 1 nm)
were not successful in the self-assembly experiments described below (Figure 3.S15).
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Flgure 3.2. STM |mages of AuNP ClZSH assembly on top of HOPG before and after addlng PhClO SAC.
(a) Representative STM image (130x130 nm? V, = 800 mV, It = 0.1 nA) of C12-AuNP at
tetradecane/HOPG interface. (b, ¢) STM images (80x80 nm? and 50x50 nm?; Vi, = 800 mV, It = 0.08 nA)
of AuNP at tetradecane/PhC10-SAc/HOPG interface after 8 and 20 minutes of time scanning respectively.

Adsorption of thiol-capped AuNP on top of bare HOPG using a simple immersion procedure
was reported to lead to inhomogeneous, disordered aggregates.>’3 Our control experiments
involving deposition of tetradecane solutions of AuNP onto HOPG did not lead to any self-
assembly and only scattered, disordered aggregates of nanoparticles were observed (Fig. 3.2a).
However, within a few minutes after adding PhC10-SAc, the characteristic periodic lamellar
structure of PhC10-SAc was formed (Fig. 3.2b). This was shortly followed by the appearance of
small domains of bright protrusions attributable to ordered AuNP assemblies (Fig. 3.2c). Higher
quality STM images were typically obtained by adding AuNP after the complete formation of
PhC10-SAc SAMN.

Within ca. 20 minutes after placing a drop of saturated tetradecane solution of AuNP onto
the PhC10-SAc modified HOPG, large domains of a AuUNP superlattice are clearly observed with
STM (Fig. 3.3). Individual AuNP are resolved as bright circular protrusions arranged in a 2D
periodic lattice with an oblique unit cell with (a=6.1+0.2nm,b=4.1+0.1 nm, o = 67 + 1°) that
contains two nanoparticles. The observed unit cell is distinctly different from the close-packed
arrangements of spherical particles which form a hexagonal lattice on surfaces.3*“° Note that the
size uniformity of the assembled AuNP arrays displayed in the STM images (Fig. 3.3 and below)
is substantially better than that of the entire AUNP sample as assessed by TEM (3.S14). This
highlights the role of the dynamic equilibrium at the solid liquid interface in selecting the
nanoparticles of optimal size during the self-assembly process.
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2 and 40x40 nm?; V, = 700
mV, It = 0.1 nA) of AuNP-C12SH at tetradecane/PhC10-SAc modified HOPG interface. Unit cell
parameters: a=6.1+0.2nm, b=4.1+0.1 nm, o= 67 = 1°. Inset: FFT of image (b).

Simultaneous imaging of the molecular network and the AuNP superlattice gives additional insight
to the templating effect of the SAMN in directing the AuNP assembly (Fig. 3.4a,b). The STM
images reveal co-alignment of the close-packed axis of the AUNP domain with the lamellae axis
of the PhC10-SAc SAMN (marked by black arrows in Fig. 3.4a), which highlights the
template/overlayer relationships between them. This templating effect is also supported by the
agreement (within experimental error) of the angles between the domain of the AuNPs assembly
(154 % 4°) and the domains of the PhC10-SAc SAMN (148 * 2°).
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Figure 3.4. (a, b) STM images (a: 60x60 nm?, Vi, = 800 mV, Iy = 0.1 nA; b: 50x50 nm?, V, = 800 mV, I, =
0.3 nA) showing domains of PhC10-SAc (region A) and AuNP-C12SH (region B) simultaneously. The
inset in (b) corresponds to a (29x29 nm?) zoom of the molecular network of PhC10-SAc. The black arrows
in (a) indicate a parallel orientation of the PhC10-SAc lamellae and AuNP rows. (c) STM image (52x52
nm?; Vi, = 800 mV, Iy = 0.1 nA) of PhC10-SAc domains oriented at 148 + 3°. (d) STM image (80x80 nm?;
Vb =800 mV, I =0.09 nA) of AUNP domains oriented at 154 + 4°.

From the above experiments we conclude that the PhC10-SAc molecular adlayer acts as a
sticky template and that the structural information of the underlying monolayer is transferred to
the AuNP assembly.

3.3.3 Self-assembly of AUNP on non-thiolated PhC10 SAMN

The thiol functionality of Ph10-SAc was initially viewed to be a means to “graft” the AuNP
on SAMN. It was therefore important to verify whether the presence of thioacetyl groups in the
template structure is essential for directing AuNP self-assembly. For this purpose, we repeated the
experiments with 1,4-di(decyloxy)benzene (PhC10) which produces similar SAMN but lacks thiol
substituents.
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Deposition of a tetradecane solution of PhC10 onto HOPG (Fig. 3.5a) leads to a slightly
narrower lamellar structure compared to that of PhC10-SAc (Fig. 3.5c), consistent with the
absence of AcS substituents. The unit cell parameters are: a =1.8 £+ 0.1 nm, b = 1.00 £ 0.1 nm,
and a = 80 * 1°. Addition of a tetradecane solution of AuNP on top of this SAMN creates well-
ordered domains of AuUNP spanning many hundreds of nanometers (Fig. 3.SI 7). High resolution
STM images (Fig. 3.5d) allow for identification of rows of the aligned AuNP and measurement of
theunitcell (@=6.1£0.2nm,b=3.9+0.1 nm, a =73 £ 2°). This unit cell is only slightly smaller
than that obtained on PhC10-SAc template; the difference is at the edge of the uncertainty range
of the measurements (see Sl) but is expected based on periodicities of the two SAMNSs. On the
other hand, the fact that similar AuNP superlattices were obtained on both PhC10-SAc and PhC10
templates strongly suggests that the self-assembly of AuNP is driven by vdW interactions between

the alkyl chains of the AUNP and the molecular template.
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Figure 3.5. (a) Typical high-resolution STM image (13.7x13.7 nm?) simultaneously showing the SAMN of
PhC10 molecules (Vb = 500 mV, Iy = 0.2 nA) and the underneath HOPG lattice (Vb = 50 mV, It = 0.2 nA).
Unit cell parameters: a =1.8 + 0.1 nm, b = 1.00 £ 0.1 nm, a. = 80 + 1°. (b) Molecular mechanics model of
the 2D packing of PhC10 on a graphene sheet, optimized unit cell parameters: a=1.78 nm; b =0.91 nm, o
=83°. () Large scale STM image (72.5x72.5 nm?, V, =500 mV, I;= 0.1 nA) of AuNP at tetradecane/PhC10
modified HOPG interface. Inset: corresponding FFT image. (d) High resolution STM image (25x25 nm?,
Vb =500 mV, It = 0.1 nA) showing rows of well aligned C12-AuNP. Unit cell parameters: a = 6.1 + 0.2
nm, b =39%0.1nm, a=73 £ 2° Inset: 3D image of AuNP assembly showing the protrusions on AuNP.

It is interesting to note that close packed assemblies of AUNP on the SAMN-modified surface
enables facile STM resolution of fine features on the AuNP surface (Fig. 3.5d). These dots form
ripples that are separated by ~0.6 nm; a value close to the expected distance between the terminal
CHs groups of the ligands (see Fig. 3.S19 for other scanning directions and speed). Similar features
were observed by Stellacci and coworkers for thiol-protected AuNP immobilized on non-patterned
surfaces,** but only when two dissimilar, presumably phase-separated, thiols were used

(octanethiol-protected AuNP also showed dots separated by ~0.6 nm,*? but no ripples). The nature
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of these ripples has been debated in the literature*>** and, while it is outside the scope of this paper,

we hope that our observations may shed further light on this question.

3.3.4 Self-assembly of AUNP on PhC18 SAMN

The length of the alkoxy substituents in the molecular template was extended in order to
explore the possible control over the spacing of AuNP. Similar to PhC10 and PhC10-SAc, 1,4-
bis(octadecyloxy)benzene (PhC18) self-assembles to form a lamellar pattern (a=2.7£0.1 nm, b
=1.0+£0.1nm, a =85 + 2°, Fig. 3.6). The lamella width (2.7 £ 0.1 nm) is larger than that of PhC10
SAMN (1.75 nm), but is still smaller than the diameter of the coated AuNP (3.2 to 4 nm).
Depositing a drop of a tetradecane AuNP solution onto the PhC18 modified HOPG results in the
adsorption of only a small number of AuNP on top of the molecular template. At this low density
of adsorption, the STM image (Fig. 3.6d) clearly shows that AuNP are preferentially centered on
top of the aromatic units (bright features of the lamellae) of the SAMN.
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Figure 3.6. (a) High-resolution
=700 mV, I;=0.25 nA) and the underneath HOPG lattice (Vb = 50 mV, I = 0.25 nA) simultaneously. Unit
cell parameters: a= 2.7+ 0.1 nm; b =1.0 £ 0.1nm, a = 85 £ 2°. (b) Molecular mechanics model for the 2D
packing of PhC18 on a graphene sheet, optimized unit cell parameters: a =2.72 nm; b =0.93 nm, a = 87°.
(c, d) STM images (c: 200x200 nm?, Vp, = 900 mV, I = 0.1 nA,; d: 93.5x93.5 nm?, Vi, = 1000 mV, I;= 0.5
nA) of AuNP at tetradecane/PhC10-SAc modified HOPG interface.

The efficiency of AUNP templating by PhC18 was very low compared to PhC10 and PhC10-
SAc SAMN. Such a difference can be attributed to the mismatch between the length of AuNP
ligand (dodecylthiol) and the octadecyloxy chains of PhC18, which limits the vdW interactions
between the particles transversal to the lamellae direction. Using AuNP with the longer
octadecanethiol (C18SH) ligand shell on the same PhC18 SAMN significantly increases the

density of nanoparticle assemblies, albeit with limited long-range order (S113).

3.4 Discussion

It is important to note that the self-assembly at the solid-liquid interface described here is

very different from evaporation-driven crystallization reported for various (metal, semiconductor,
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polymer) nanoparticles.***® The latter is defined almost exclusively by maximizing the
interparticle interactions and thus produces close-packed lattices. In contrast, the self-assembly at
the liquid-solid interface is dominated by particle-surface interactions; it is generally self-limiting
to a single monolayer and can produce other (non-close-packed) lattices. STM characterization
under such conditions allows one to follow the dynamics of the AuNP assembly (Fig. 3.2 and
3.S18) and to achieve high resolution on the underlying HOPG substrate, molecular templates, and
AUNP superlattice.

The defining role of the molecular templates (SAMN) is obvious from the fact that no
ordered structures are obtained on HOPG in their absence. As seen from the low-coverage images
(Fig. 3.6), the AuNP are centered preferentially on top of the aromatic rows of the SAMN, allowing
AUNP alkyl chains to interact with the aliphatic lamellae, thereby maximizing vdW interactions.
As a result, AUNP assemble along the lamellae of the SAMN. When the periodicity of the SAMN
matches the radius of the AuNP (including the ligands), an additional interaction arises from the
vdW contacts of neighboring AuNP rows. This significantly increases the efficiency of self-
assembly and large AuNP superlattices are formed on the surface, in an epitaxial relationship with
the underlying template (eg, Fig. 3.5 and 3.S17).

The presence of strongly binding functional groups in the SAMN (such as thiols) is not
necessary for effective immobilization of AuNP and can actually be counter-productive in
achieving highly-ordered self-assembled structures. Indeed, acetylthiol-containing PhC10-SAc
SAMN vyield a poorer quality of AuNP superlattices (smaller domains, more defects) compared to
simple PhC10 SAMN.

Fig. 3.7 shows a schematic illustration of AUNP assembly on top of SAMN, reflecting these
observations. The center-to-center interparticle spacing (Dnn) between the AuNP along the SAMN
lamellae (Dnnll = 3.1 + 0.1 nm for PhC10-SAc and PhC10) is consistently shorter than that across
the SAMN lamellae (Dnnl = 4.1+ 0.1 nm for PhC10-SAc and 3.9 = 0.1 nm for PhC10). Giving
that the metal core diameter of AuNP is 1.9 £ 0.3 nm (measured by TEM, Fig. 3.S14), this yields
a separation between the metal cores of Dccll ~1.2 nm and Dcc™ ~2 nm, along and across the
PhC10 lamellae, respectively. The derived thickness of the AuNP ligand shell along the lamellae
(1/2 Decll ~0.6 nm) is significantly smaller than the length of a fully extended dodecanthiol (L~1.6
nm).*” The thiol ligands must adopt some gauche conformations along the chain and bundle to

enable such separation between the particles. This is expected considering the curved surface of

114



AUNP and is in good agreement with the shell thickness of 0.58 nm obtained from a molecular
dynamic simulation of the monolayer of dodecanthiol-protected AuNP on SAMN-free HOPG.*8
Across the lamellae the apparent thickness of the shell (1/2 Dcc™~1.0 nm) is nearly twice as large
but still is smaller than the length of the fully extended dodecanethiol ligand. This could be
explained by a partial interdigitation of the fully extended ligand chains. The difference between
the AUNP interactions in both directions is likely dictated by the asymmetry of the underlying
SAMN template. Along the lamellae, the AuNP adopt a close-packed arrangement so as to
maximize the interparticle vdW interactions. Transverse to the lamellae, the thiol ligands are most
likely to be fully extended, which maximizes the vdW interactions with the alkyl chains of the
template. The periodicity of the SAMN template controls the nanoparticle separation in the
transverse direction (Dccl). When Dcc™ matches the thickness of two (partially interpenetrated)
AUNP ligand shells, the interparticle vdW interactions are maximized and stable well-ordered
assemblies are obtained. Otherwise, more fluid, less dense and thus less ordered assemblies can
result. The former is manifested in C12SH-AuUNP on PhC10 templates (Fig. 3.4), while the latter
is observed for C12SH-AuNP on PhC18 (Fig. 3.5) and C8SH-AuUNP on PhC10 templates (S111).

Figure 3.7. Schematic illustration of AuNP assembly on PhC10 modified HOPG. (a) and (b)Top and side
view respectively. Dnn is the interparticle distance (centre to centre distance). Dcc is the spacing between
two adjacent nanoclusters which is equal to twice the thickness of the AuNP ligand.
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3.5 Conclusions

In summary, we have demonstrated that periodic two-dimensional AuNP assemblies can be
formed at the liquid-solid interface by prepatterning the surface (HOPG) with a self-assembled
molecular network. The lamellar molecular adlayer acts as a sticky template enabling the
adsorption of AuNP. Notably, the structural information of the monolayer is transferred to the
AUNP assembly, which leads to superlattices with non-centrosymmetric unit cell. This templating
effect is primarily driven by van der Waals interactions between the alkyl chains of NP ligands
and those of the underlying molecular template. When the length of the alkoxy chains of the
molecular template matches that of the AuNP ligand, the enhanced inter-particle interactions leads
to ordered assemblies that span hundreds of nanometers. When these conditions are not met,
periodic assemblies of AuNP are not observed, despite the same chemical nature of the
AUNP/SAMN interactions. Achieving the efficient 2D-templating effect at a solid-liquid interface
thus creates a rational means to direct the self-organization of a variety of nanomaterials (metal
nanoparticles, quantum dots, etc) under dynamic equilibrium conditions. The resulting
immobilization of AuNP in the ordered monolayer on HOPG enables high-resolution STM

imaging of the internal structure of AuNP in the liquid environment.

3.6 Experimental section

Synthesis.
1,4-di(decyloxy)benzene [PhC10]. A 1 L three-neck round-bottom flask was equipped with a

stirring bar, a thermometer, a cooler condenser, a rubber septum; and was flushed with Ar. 1-
Bromodecane (72 mL, 0.35 mol), potassium iodide (5.86 g, 35.3 mmol) and potassium carbonate
(50.9 g, 0.37 mol) were added to the solution of hydroquinone (15.1 g, 137 mmol) in Ar-purged
DMF (220 mL). The reaction mixture was heated to 70°C for 24 h under an argon atmosphere.
After cooling to room temperature (results in the formation of a precipitate), distilled H.O (500
mL) was added to the reaction mixture, and the solid material was isolated by filtration.
Recrystallization from 2-propanol (800 mL) afforded colourless flakes of PhC10 (40.0 g, 75%).
m.p. = 68-69°C. 'H NMR (CDCls): & = 6.82 (4H, s), 3.89 (4H, t, J = 6.5 Hz), 1.75 (4H, p, J = 7
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Hz), 1.49-1.38 (4H, m), 1.38-1.21 (24H, m), 0.88 (6H, t, J = 7 Hz). 3C NMR (CDCls): § = 153.16,
115.35, 68.64, 31.90, 29.60, 29.57, 29.43, 29.41, 29.33, 26.07, 22.69, 14.14.
1,4-di(decyloxy)-2,5-bis(bromomethyl)benzene [PhC10-Br]. In a 250 mL one-neck round-
bottom flask equipped with a stirring bar, 1,4-di(decyloxy)benzene (4.30 g, 11.0 mmol) and
paraformaldehyde (1.008 g, 33.6 mmol) were suspended in glacial acetic acid (40 mL), followed
by addition of 33% wt hydrogen bromide solution in acetic acid (10 mL, 55 mmol). The flask was
equipped with a cooler condenser, and the reaction mixture was heated to 55°C for 22 h under
vigorous stirring. [Note: temperature rise above 70°C results in formation of by-products.] The
reaction mixture was cooled to room temperature and poured into distilled H20. The solid material
was collected by filtration, washed with H2O to neutral pH, and dried under reduced pressure to
afford PhC10-Br as white powder (5.96 g, 94%). m.p.= 89-90°C. *H NMR (CDCls): § = 6.85 (2H,
s), 4.53 (4H, s), 3.98 (4H, t, J = 6.5 Hz), 1.81 (4H, p, J = 7 Hz), 1.56-1.43 (4H, m), 1.43-1,21
(24H, m), 0.88 (6H, t, J = 7 Hz). 1°C NMR (CDCls): & = 150.65, 127.50, 114.63, 69.00, 31.91,
29.60, 29.57, 29.37, 29.34, 28.78, 26.09, 22.69, 14.13.
1,4-di(decyloxy)-2,5-bis(S-acetylthiomethyl)benzene [PhC10-SAc]. In a 250 mL one-neck
round-bottom flask equipped with a stirring bar, potassium thioacetate (2.99 g, 26.1 mmol) was
dissolved in DMF (70 mL), and 1,4-di(decyloxy)-2,5-bis(bromomethyl)benzene (3.01 g, 5.22
mmol) was added to this solution. The reaction mixture was stirred at room temperature under
nitrogen for 21 h. The suspension was poured into distilled H2O, and the crude material was
collected by filtration. Recrystallization from ethyl acetate (40 mL) afforded PhC10-SAc as a
white cotton-like solid (2.50 g, 84%). m.p.= 78-79°C. *H NMR (CDCls): & = 6.83 (2H, s), 4.08
(4H, s), 3.92 (4H, t, J = 6.5 Hz), 2.31 (6H, s), 1.75 (4H, p, I = 7 Hz), 1.51-1.39 (4H, m), 1.39-
1.22 (24H, m), 0.88 (6H, t, J = 7 Hz). *C NMR (CDCls): § = 195.90, 150.36, 125.89, 114.00,
68.73, 31.92, 30.37, 29.62, 29.58, 29.39, 29.36, 28.55, 26.11, 22.70, 14.14. m/z (ESI* HRMS):
calc. for C32Hs404S;Na: 589.3356, found 589.3350 (M+Na)*.
1,4-bis(decyloxy)-2,5-bis(hydrothiomethyl)benzene [PhC10-SH]. 1,4-Dioxane and distilled
H20 were degassed with bubbling nitrogen before use. In a 100 mL two-neck round-bottom flask
equipped with a stirring bar, 1,4-bis(decyloxy)-2,5-bis(S-acetylthiomethyl)benzene 7 (0.31 g, 0.54
mmol) was dissolved in 1,4-dioxane (22 mL). The flask was equipped with a cooler condenser and
a rubber septa, and the system was flushed with nitrogen. 3.1 M aqueous solution of sodium

hydroxide (0.7 mL, 2 mmol) was added dropwise to the above solution, and the reaction mixture
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was refluxed for 2 h. After cooling to room temperature, 2.0 M HCI (1.3 mL, 2.6 mmol) was added
dropwise, and the mixture was stirred at r.t. for 1 h under N2. H.O was added, and the product was
extracted into ethyl ether. Organic layer was washed with H,O for a few times and dried over
MgSOs followed by filtration and solvent evaporation to give PhC10-SH as white powder (0.20 g,
76%). 6 =6.78 (2H, s), 3.96 (4H, t, J = 6.5 HZz), 3.73 (4H, d, J = 7.8 HZz), 1.96 (2H, t, J = 8.1 Hz),
1.80 (4H, p, J=7 Hz), 1.53-1.41 (4H, m), 1.41-1.22 (24H, m), 0.88 (6H, t, J = 6.5 Hz). m/z (ESI
HRMS): calc. for C2sHa902S2: 481.3180, found 481.3183 (M—H)". [Note: The product contains
ca. 3% (by *H NMR) of disulfide dimer, that is also visible as q weak signal in HRMS spectra: m/z
(ESI HRMS): calc. for CssHgegO4S4: 961.6270, found 961.6298 (M—H) ]

1,4-di(octadecyloxy)benzene [PhC18] was synthesized following the similar procedure as
described for synthesis of PhC10. A 1 L two-neck round-bottom flask was equipped with a stirring
bar, a condenser, a rubber septum; and was flushed with N2. Hydroquinone (6.66 g, 60.5 mmol),
1-bromooctadecane (48.60 g, 145.7 mmol), potassium carbonate (21.30 g 154.1 mmol), potassium
iodide (2.17 g, 13.1 mmol) and Ar-purged DMF (250 mL) were mixed together and stirred at 55°C
for 3 days under a nitrogen atmosphere. After cooling to room temperature, distilled H2O (600
mL) was added to the reaction mixture, and solid material was isolated by filtration. To remove
excess of 1-bromooctadecane, the crude product was suspended in hot acetone and filtered.
Recrystallization from 2-propanol (ca. 20 mL/g) afforded PhC18 as light gray powder (26.80 g,
72%). m.p.= 88-89°C. 'H NMR (CDCls): § = 6.82 (4H, s), 3.89 (4H, t, J = 6.5 Hz), 1.75 (4H, p, J
=7 Hz), 1.50-1.20 (30H, m), 0.88 (6H, t, J = 7 Hz). 3C NMR (CDCls): § = 153.17, 115.36, 68.65,
31.94,29.71, 29.67, 29.62, 29.60, 29.44, 29.41, 29.38, 26.07, 22.71, 14.14.

Dodecanethiol protected gold nanoparticles (C12-AuNP) were synthesized by the Brust-
Schiffrin method described elsewhere.®® Hydrogen tetrachloroaurate (I11) trihydrate (0.050 mg,
0.13 mmol) was dissolved in distilled water (8 mL) and then mixed with tetraoctylammonium
bromide (0.382 g, 0.70 mmol) in toluene (25 mL). The mixture was stirred at room temperature
for 30 minutes to facilitate the phase transfer of the AuCls™ into the toluene layer. The ageous layer
was then discarded. The organic layer was cooled to 0°C. Dodecanethiol (0.077 g, 0.39 mmol) was
added to the solution via a micropipette and allowed to stir for ten minutes. A fresh solution of
sodium borohydride (0.055 g, 1.45 mmol) in water (8 mL) was added to the rapidly stirring
reaction mixture over 5 seconds. The colour of solution became dark-red instantly. The mixture

was allowed to warm to room temperature and left under stirring overnight (~18 hours). The
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aqueous layer was removed and the toluene layer was washed with distilled water (3x20 mL) and
dried over MgSOs, followed by filtration and solvent removal under reduced pressure. Crude
AuUNP were suspended in 50 mL of 95% ethanol and placed in the freezer overnight. The
supernatant was decanted, and the AuNP precipitate was washed with 95% ethanol (10x15 mL).
The average size of obtained AuNP is 1.9 + 0.3 nm (see Fig. 3.SI1).

STM imaging. All STM experiments were performed using a Digital Instruments Inc.
(Veeco) NanoScope V. The STM tips were mechanically cut from Pt/Ir wire (80/20, diameter 0.25
mm, Nanoscience). PhC10-SAc, PhC10, PhC18 molecules and AuNP were dissolved in
teradecane (Sigma-Aldrich, >99.8%), and used directly without further purification. The
physisorbed monolayrer was formed spontaneously after deposition of 10 to 15 ul of saturated
tetradecane solution of PhC10-SAc, PhC10 and PhC18 molecules onto freshly cleaved HOPG
(grade SPI-2, SPI Supplies). The nanoparticles superlattice was formed at liquid—solid interface
by applying a volume of 10 to 15 ul of AuNP solution onto the organic monolayer modified
HOPG. The experimental time (1-3 hours) was always shorter than the evaporation of solvent from
HOPG (> 10 hours; b.p. of tetradecane is 252-254 °C).

All STM-images were obtained in the constant current mode by applying a tunneling current
Iset Of 70 to 250 pA and a sample bias Vset of 500 to 1400 mV. The raw images were processed from
WSxM5.0 and SPIP 6.0.3 software. The calibration of the STM images of the molecular networks
was performed through 2D-FFT using the underlying graphite lattice unit cell. The drift in images
of AuNP assembly was minimized by a repetitive scanning up and down until the unit cell
parameters became independent of the scanning directions.

Molecular modelling. The geometry optimization of the molecular networks of PhC10-SAc,
PhC10 and PhC18 were performed using HyperChem 8.0 software (from Hypercube Inc.),
applying the MM+ force field with Polak—Ribiere gradient optimization algorithm and a root mean
square (RMS) gradient convergence criteria of 0.001 kcal A~ mol™.

PhC10-SAc, PhC10 and PhC18 assemblies on graphite were simulated using a single layer of
graphene covered with a monolayer of 16 molecules. Assemblies of PhC10-SAc, PhC10 and
PhC18 molecules were placed on the graphene sheet, in geometries approximating the observed

unit cell, and allowed to fully relax (while the graphene atoms positions were fully contstrained).
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Figure 3.S1. STM of PhC10-SAc domains at tetradecane/HOPG interface: (a) 120x120 nm?, V, = 900
mV, l;=0.05 nA; (b) 120x120 nm?, V, = 1600 mV, I; = 0.18 nA; (c) 80x80 nm?, V, = 900 mV, I, = 0.15
nA.

Figure 3.52. (a) Large scale (127x127 nm?, Vi, = 700 mV, ;= 0.3 nA) and (b) high resolution (25x25 nm?,
Vb = 1370 mV, It = 0.2 nA) STM images of PhC10-SAc at tetradecane/HOPG interface, showing the
interdomain angle and the angles between the lamellar axis of PhC10-SAc domains (blue and red lines) and
the main crystallographic axis of HOPG (black dotted lines). (c) Schematic presentation of relationship
between the interdomain angle and the tilt y of the alkyl chains vs the direction of the lamellae: y = ®/2.
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Figure 3.S3. (a) Large scale STM image (Vb = 800mV, I = 0.2 nA) of PhC10-SH SAMN. (b) High
resolution STM image (Vb =800 mV, I;= 0.2 nA) showing PhC10-SH SAMN and underlying HOPG lattice
(Vyp is switched to 50mV in the bottom part of the image); white box shows the unit cell: (a =0.95 + 0.05
nm; b =2+ 0.1 nm; 89 £ 1°); the white arrow points to one missed molecule.
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Figure 3.S5. C12-AuNP with high polydispersity: (a) TEM image, (b) analysis of size distribution, (c)
STM image of disordered AuNP at tetradecane/ PhC10-SAc /HOPG interface (62 x 62 nm?, Vi, = 1200
mV, I;=0.08 nA).
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Figure 3.S6. STM images of C12-AuNP self-assembly at tetradecane/PhC10-SAc modified HOPG
interface: (a) 60 x60 nm?, V, =900 mV, ;= 0.05 nA; (b) 47.3 x47.3 nm?, V, = 1600 mV, ;= 0.18 nA;
(c) 100 x100 nm?, V%, =900 mV, I; = 0.15 nA.

Y

Figure 3.57. STM images of large assemblies of C12-AuNP at tetradecane/ PhC10 /HOPG interface: (a)
300 x300 nm? ;Vp =900 mV, I; = 0.05 nA; (b) 200 x200 nm? ; V, =500 mV, I = 0.1 nA; (c) 130 x130
nm?, Vi, = 900 mV, Iy = 0.15 nA.

Figure 3.S8. Sequence of STM images showing different stages of C12-AuNP assembly at tetradecane/
PhC10-SAc /HOPG interface: (a) 80x80 nm?; V, = 800 mV, I; = 0.08 nA; (b) 60x60 nm?; V, = 800 mV,
It =0.08 nA; (c) 34x34 nm?, V, =700 mV, It =0.1 nA.
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Figure 3.59. STM images of C12-AuNP at (a,b) tetradecane/PhC10-SAc and (c-h) tetradecane/PhC10
interface showing ripples on AuNP surface. The surface was imaged at 0° or 90° scanning angles and
different scanning speed (0.5-1 um/s, see insets). The average ripple spacing are: (a) 0.61 nm, (b) 0.59
nm, (c) 0.73, (d) 0.59 nm, (e) 0.68 nm, (f) 0.72 nm, (g) 0.66 nm, (h) 0.71 nm. Other scanning conditions:
(@) 27.9x27.9 nm?; V, = 600 mV, |y = 0.12 nA,; (b) 27.9x27.9 nm?; V, = 600 mV, I:=0.12 nA); (c) 47.6x47.6
nm?; Vp = 500 mV, Iy = 0.1 nA; (d) (25.5x25.5 nm? , Vi, = 900 mV, I = 0.15 nA); (€) 25.5x25.5 nm? , V;, =
900 mV, Iy = 0.15 nA; (f) 47.9 x47.9 nm?; V, = 800 mV, I = 0.12 nA; (g) 51x51 nm?; V, = 600 mV, | =
0.12 nA; (h) 34x34 nm?, Vi, = 600 mV, I;=0.12 nA).
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Flgure 3.511. STM images of C8 -AuNP in tetradecane at (a) PhC 0/HOPG and (b) PhC18/HOPG surfaces
(no assembly and little absorption was observed). Scanning conditions: (a) 120x120 nm?, Vi, = 900 mV, I
= 0.2 nA; (b) 100x100 nm?, Vi, = 900 mV, I; = 0.2 nA.
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Figure 3.513. STM images of C18-AuNP self-assembly at tetradecane/ PhC18 /HOPG interface. The
measured distance between two adjacent rows of AuNP is 6.6+0.4nm, which is close to ~6.5+0.2 nm
diameter of the C18-AuNP with fully extended ligand (1.94 £ 0.21 nm metal core plus twice the length of
the octadecanethiol ligand, 2x2.28 nm). Scanning conditions: (a) V, = 1600 mV, ;= 0.17 nA; (b) V, = 1700
mV, Iy = 0.27 nA; (c) Vb = 1100 mV, Iy = 0.29 nA.
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Table 3.S1. Statistical data for unit cell parameters measured from STM images.

L:]r::a(r:ﬁ" Image 1 Image2 | Image3 |Image4 | Image 5 |Average| Sdev
a, nm 1.90 2.17 2.03 2.1 2.1 2.06 | 0.10
PhC10-SAc | b, nm 0.97 1.06 1.05 1.03 0.98 1.01 | 0.04
a, © 86 85 85 86 86 85.6 0.5
a, nm 1.77 1.83 1.8 1.8 1.79 1.80 | 0.02
PhC10 b, nm 0.99 0.99 0.96 1.03 0.98 0.99 | 0.03
a, ° 79 79 79 81 80 79.6 0.9
a, nm 2.69 2.73 2.64 2.61 2.83 2.70 | 0.08
PhC18 b, nm 1.09 0.97 0.99 0.97 0.94 0.99 | 0.05
a, ° 86 85 87 85 82 85.0 1.9
AUNP @ a, nm 6.29 6.10 5.97 6.28 5.91 6.11 | 0.17
PhC10-SAC b, nm 4,01 4,15 4.13 4.08 4.06 4,09 | 0.06
a, ° 71 67 66 67 66 67.4 2.1
a, nm 6.38 6.09 6.02 5.89 6.15 6.12 | 0.18

AuNP @ b
PhC10 , hm 3.89 3.89 3.74 3.97 4.00 3.89 | 0.10
a, ° 76 73 74 73 71 734 | 1.80
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Chapter 4: Adsorption of Cso on Top of Benzenethiol and
Pentafluorobenzenethiol SAMs

4.1 Abstract

Understanding the structural organization and growth of organic molecules at a self-
assembled monolayer (SAM)-liquid interface is important for achieving high performance SAM
based electronic devices. Cso adsorption onto benzenethiol (BT) pentafluorobenzenethiol (PFBT),
and octanethiol (C8SH) SAM modified Au(111) was studied using STM at a liquid-solid interface.
A continuous film of Ce molecules forms two orders of magnitude faster (k= 3.3 + 0.2x107 s™)
on PFBT compared to BT (1.1 + 0.3x10° s1) and C8SH SAMs (k= 9.5 + 1.2x10° s1). In BT and
C8SH cases, randomly distributed Ceo aggregates are observed. Close inspection of the Cg film
reveals a multilayer with an hexagonal close packed (2V3 x 23)R30° structure for the top two
layers. The difference in Cs growth behavior is proposed to originate from the differing orientation
of the dipole moments of BT and PFBT SAMs.

4.2 Introduction

Self-assembled monolayers prepared from thiol-terminated molecules have been
successfully used for tailoring the physical and chemical properties of metals, oxides, and
semiconductors'?® for a range of application including electrochemical sensors,* surfaces
patterning,® friction and lubrication control,® and protective coatings.” Amongst other properties,
SAMs offer an efficient means to tune the work function of an electrode, reducing the charge
injection barriers between the electrode and the organic thin film, and improving the morphology
of the subsequent thin film semiconductor. For this reason, SAMs have become an integral part of
many organic semiconducting devices including organic light emitting diodes (OLEDs) and field-
effect transistors (OFETs).8910

Alkanethiols with different chain lengths'! and their fluorinated derivatives'? have been used
to modify the surface potential of metal substrates. However, the large band gap of the aliphatic

thiols (> 5 eV) limits the charge transport across the resulting SAMs, leading to decreased device
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performance.'® On the other hand, because of their delocalised 7 orbitals and relatively small band
gap (<4.5 eV), aromatic thiols have been particularly effective in facilitating charge transfer across
SAMs.

By changing the surface energy of a substrate, SAMs can alter the morphology and the
interfacial organization of the organic semiconducting material allowing the fabrication of high-
performance FET.* Furthermore, the surface dipole created by SAMs has been used to tune the
energy level alignment at metal/organic semiconductor interface.’>!® For instance, benzenethiol
(BT, molecular dipole moment u = 1.06 D) and pentafluorobenzenethiol (PFBT, u = 1.55 D)
induce a shift of the Au work function of —0.94 eV and +0.8 eV, respectively. Of particular interest
is the alignment of the Fermi energy of an electrode with the LUMO of n-type organic
semiconductors, which otherwise requires use of environmentally unstable low work-function
electrodes for efficient electron injection.

The special structural and electronic properties of Buckminsterfullerene (Cs) make it a
valuable material for a number of applications including single molecule!” and thin film organic
electronic devices.'®® Much effort has been devoted to understand and control the assembly of
Ceo, since it is key to optimizing the performance of Cg thin-film-based applications such as solar
cells.?®?! Consequently, the molecular orientation and supramolecular organization of Ceo
monolayers on metal (Au?22324 Ag,2526 Cu?728) inorganic (Si?%%, GaAs,3 Ge®) as well as organic
(porphyrins,® oligothiophenes,3*2® pentacene®) semiconductors have been extensively studied. In
contrast, adsorption of Cg onto organothiols has been rarely explored. VVapor deposition of Cg 0N
alkanethiol SAMs showed the formation of close packed islands®’ or one-dimensional chains®® that
were suggested to be residing on top of the SAM molecules. It was recently suggested that Ceo
molecules penetrate octanethiol®® and 11-phenoxyundecanethiol SAMs* by forming islands
(chains, hexagonal and cubic close packed domains) that are intermixed with the thiol molecules.

Surprisingly, adsorption of Cg onto aromatic SAMs such BT and PFBT has not yet been
reported, although these SAMs, as mentioned above, are of particular interest in molecular
electronic devices.

In this work, the structural properties of BT and PFBT SAMs formed on Au(111) and the
kinetics of the subsequent Cg adsorption are investigated by performing an in-situ STM
experiment at the liquid-solid interface. Using X-ray photoelectron spectroscopy (XPS) we

demonstrate that, in contrast to a previous reports, 34° the thiol molecules are not displaced during
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Ceo adsorption from solution but instead form an adlayer on top of the SAM. STM characterization
reveals both slight structural differences between BT and PFBT SAMs and dramatically different

abilities to direct the adsorption of Ce molecules from solution.

4.3 Results and discussion

4.3.1 Self-assembly of PFBT and BT on Au(111)

The electronic properties of BT and PFBT SAMs, especially the surface potential, are closely
related to their structural order and molecular coverage.**? The study of the structure and
molecular orientation of these SAMs thus provides an opportunity to investigate the effect of
different dipole moments within SAMs on the morphology of subsequent organic layers.

The self-assembly of BT and PFBT on Au (111) has been extensively studied using various
analytical techniques.*3444°4647.4849.5051.525354  Eqr instance, STM characterization of BT
adsorption at room temperature reveals either completely disordered SAM or small ordered
domains (less than 15 nm?).*® Long range ordered BT and PFBT SAMs with different structural
lattices (Table 4.S1) have been observed under specific preparation conditions (long incubation
time of 190 h°!, elevated temperature of 75 °C,>2°3exchange with a pre-adsorbed cyclohexanethiol
SAMs®). Such a dependence of the SAM structure on the preparation mode and a variety of
contradictory reports complicates comparisons between BT and PFBT SAMs, and justifies further
experiment performed under identical conditions.

Fig. 4.1 shows a representative STM image of SAMs prepared by immersion of Au(111) in
ethanol solutions of BT and PFBT (1 mM) for 18 h at 60 °C. Large scale STM images of BT and
PFBT SAMs at the air-solid interface show structural domains consisting of ordered molecular-
size features. Within these domains, one can distinguish pits and islands with an apparent STM
height of ~+2.4 A which corresponds to the height of a monoatomic Au(111) layer. These features
have been previously observed on both aliphatic and aromatic SAMs and were attributed to the
relaxation of the herringbone reconstruction of Au(111) and the release of Au adatoms. The
mobility of these adatoms determines whether islands or pits are preferentially formed. In the
PFBT case, large islands were observed due to the low mobility of adatoms which assemble into
islands instead of diffusing to the step edges, as for the BT SAM case.>®
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Figure 4.1. (a) Large scale STM image of BT SAMs on Au(111) (54><4O nmz). The blue and red dashed
rectangles highlight o and B phases. (b) High resolution STM image of a phase (7x7 nm?), unit cell:
a=0.54+0.05 nm, b=1.1+0.05, y= 63+3°. (c) Cross-section height profile along the red line in (b). (d)
Molecular model of a phase of BT SAM. (e) and (f) large scale (54x40 nm?) and high resolution STM
images (7x7 nm?) of PFBT SAM, unit cell: a=0.58+0.05 nm, b=0.98+0.05 nm, y= 64+4° respectively. (g)
Cross-section height profile along the blue line in image (f). () Molecular model of PFBT SAM. (a,b) (Vo
=400 mV, I;=0.3 nA), (e,f) (Vb =200 mV, It = 0.2 nA).

The BT and PFBT are resolved as bright spots forming parallel stripes oriented along one of
the three preferential (110) directions reflecting the 3-fold symmetry of the underlying Au(111)
(Fig. 4.1a,1e and 4.S3c). High resolution STM images of BT SAMs reveals the formation of two
different phases, in a ~1:3 ratio, here referred to as the o phase and § phase (Figures 4.1b and 4.2a).

The o phase is described by an oblique unit that contains two molecules and has the
parameters a=0.54+0.05 nm; b=1.1+0.05 y= 63+3°. A comparison of the dimensions and
orientation of the unit cell with the underlying Au(111) lattice suggests a an(¥3 x 2V3)R30°

commensurate structure, where an = 2.89 A is the closest neighbour interatomic distance in the Au
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[111] plane. The unit cell has been measured is consistent with a herringbone-like arrangement of
BT molecules. This type of packing was frequently observed for aromatic thiols.>6:57:58:5

In the B phase (Fig. 4.2), each 3" stripe appears with a lower brightness (lower STM height)
which results in a unit cell that contains three molecules and has the parameters of a=0.52+0.5 nm;
b=1.5+0.1 nm, y= 63%3°, suggesting a an(¥3 x 3V3)R30° structure in comparison to the Au(111)
lattice. The unit cells of the a and 3 phases are superimposable, having identical intermolecular
distance of ~5 A (v/3a) (along the a and b directions of the unit cell) and differ only in the molecular
contrast. The possible origin of this contrast difference could be Au reconstruction below the SAM
or different degree of tilt of the phenyl rings. Occasionally, contrast switching that is randomly
occurring between adjacent molecular rows or within the same row has been observed at the phase

boundary (Fig. 4.S1).
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Figure 4.2. (a) High resolution STM image of the B phase of BT SAM (14x14 nm?). Unit cell parameters
are: a=0.52+0.05 nm; b=1.5£0.1 nm; y= 63+3°. (b) Cross-section height profile along the blue line in image
(@). Vb =200 mV, I = 0.2 nA.

Overall, the measured lattices of BT SAM in the o and B phases are well described by a
commensurate (Mv3xnv3)R30° structure (M and n are integers) commonly reported for arenethiol
and alkanethiols on Au(111).%%3

High resolution STM imaging of PFBT SAMs provides the determination of a unit cell of
a= 0.58+0.05 nm; b = 0.98 £0.05 nm; y = 62+2°, containing two non-equivalent molecules. This
likely corresponds to the commensurate an(2 x 2V3)R30° (Fig. 4.1f). In contrast to BT SAM, the
herringbone-like arrangement of PFBT molecules is clearly identified from the high resolution
STM image.
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In summary, BT and PFBT molecules have similar lattices structure within experimental
errors and differ mostly in their terminal atom (H/F) and the dipole moment. In the following
section we study the effect of BT and PFBT SAMs in guiding the formation of well-ordered Cgo

molecular nanostructures.

4.3.2 Self- assembly of Ceo on SAM-modified gold.

Figures 4.3, 4.4, and 4.S2 show sequential STM images following the addition of a Ceo
solution in phenyloctane (~1 mM) on BT, PFBT, and C8SH SAMs, respectively.

a ‘-“ A ‘ "-“h\ & 5 b {*'l ‘l, . \“v“\ \}-:f c ": ". : '4.:'! " ". d .‘:,‘_‘,';:?-v
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Figure 4.3. Sequential STM images (113x113 nm?) recorded in 1 mM Cgo/phenyloctane on the BT SAM
modified Au(111). V, =400 mV, l;= 0.2 nA.
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Figure 4.4. Sequence of STM images (94x94 nm?) recorded in 1 mM Cgo/phenyloctane on the PFBT SAM
modified Au(111). Vy, =400 mV, I;= 0.2 nA.

Adsorption of Cg on a BT SAM initially results in isolated bright islands with an apparent
height of ca. 4 A and a lateral size of ~1 nm, which could be attributed to individual fullerenes
(Fig.4.3).%%%1 Their population increases with time and small aggregates of 2-5nm become visible
after ~10 min. Similarly, only disordered aggregates of Cs have been observed on C8SH-Au (Fig.
4.S2, 4.S3).

However, the behaviour of Ceo on PFBT SAM is very different: bright islands of 2-6 nm size
are formed within 5 min and their size keeps increasing until a continuous film is formed within
~40 min. The analysis of the height profile of Ceo on PFBT (Fig. 4.5) shows an apparent height 0.4
+ 0.1 nm, similar to the height measured for C¢ on BT and C8SH SAMs (Fig. 4.S3). Occasional
areas with a double height (0.9 £ 0.1 nm) can be reasonably attributed to two Cs layers.

Interestingly, inspection of the spatial distribution of Ceo molecules in the second layer
reveals that they are preferentially located at the edges of the underlying Ceo islands, and their
population decreases with time from ~30% at 15 min, to ~7% at 25 min, to ~1% at 35 min (Fig.
4.5). These observations suggest a mechanism where Cg monolayer formation is initiated by
nucleation and growth of 2D islands in the submonolayer regime, then the subsequent Cso
molecules adsorb either at the free area of the PFBT-Au substrate or on top of the pre-existing Ceo
islands where they diffuse to edges and cross the Ehrlich-Schwoebel barrier (step-edge barrier®?)

143



contributing to the complete formation of the monolayer. A similar layer-by-layer growth

mechanism has been previously suggested for Ce multilayer formation.®3:64

Height (A)

Figure 4.5. Surface profile recorded according to the blue line showing the evolution of the height of Ceo
molecules deposited on top of PFBT modified gold substrate. The acquisition time is (a) 15 minutes, (b) 25
minutes, (c) 35 minutes. 57x57 nm?2. Vi, = 400 mV, It = 0.2 nA.

The analysis of the surface coverage vs time (Fig. 4.6) provides quantitative information on
the growth Kkinetics of the Cso monolayer. The sigmoidal form of the obtained curve is consistent
with the Kolmogorov—Johnson—Mehl-Avrami (KIMA)® kinetic model (Equation 4.1)

0(t) =1—e k" (4.1)

Where 6(t) is surface coverage at time t and k is an observed rate constant which depends on
both the nucleation and growth rate. The exponent n represents the dimensionality of the growth
and the time dependence nucleation which was fixed at 2 considering 2D assembly under study,
wherein nucleation proceeds rapidly to completion. This model, originally devised to describe
phase transitions in metal alloys,®”®® has been recently used to predict the kinetics of self-
assembled monolayer formation by molecular exchange.%%70.7t
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Figure 4.6. Evolution of molecular coverage of Ceo adsorbed from 1mM solution in phenyloctane on bare
Au(111)(e), PFBT(v), BT(e), and C8SH(A) modified Au(111) substrate. Curves are fits to KIMA
model.

A number of alternative kinetics models that are typically used for predicting the kinetics of
SAM formation,’? including Langmuir adsorption models, were considered but they cannot fit the
observed sigmoidal shape of the binding isotherm. The better suitability of KIMA over Langmuir
models is expected considering the slow nucleation process of Ce assembly?

Fitting the curves to the KIMA model leads to k of 3.3 £ 0.2x107 s, 9.5 + 1.2x107 5%, and
1.1 +£0.3x10° s%, for PFBT, C8SH and BT, respectively. The much faster growth of Ce on PFBT
SAMs (as compared to BT and C8SH) was somewhat unexpected considering the known
lipophobic properties of fluoroorganic surfaces.

The measurement of water contact angle on BT and PFBT SAMs shows values (75 £ 2° and
80 * 2° respectively) suggesting that the PFBT surface is slightly more hydrophobic than BT. Both
SAMs show similarly lipophilicity as judged by the low wetting contact angle measured for
phenyloctane (<10°). The high lipophilicity of PFBT was somewhat unexpected considering the
known liphophobic properties of fluorocarbons (hexadecane contact angle of 71°)4, although high

wettability of perfluorobiphenyl-4,4’-dithiol has been previously reported.”
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The accelerated growth of Ceo film might be explained by the larger dipole moment of PFBT,
leading to the induced dipole moment within the subsequent Cso layers.*:7%77 Although Cso itself
does not have any dipole (or higher multipoles), it is a highly polarizable molecule lending itself
to dipole—induced dipole interactions. Previous studies reported the use of dipole-induced dipole
moment interactions for growing molecular porphyrin wires on insulating surface.’®

The observation of ordered Cg assembly only on top of PFBT SAM demonstrates the major
contribution of C-F---C and C-F---m interactions in driven the growth and the formation Cg
monolayer. The importance of these intermolecular interactions has been previously recognized,
both in small molecules and in proteins.” For example, X ray crystallography characterization of
fluorinated tetraphenylporphyrins-fullerenes cocrystals has shown the crucial role of C-F- Cg
interaction in dictating the structure of the obtained cocrystal.®

Another important question is whether PFBT SAMSs remain intact upon Ce adsorption. The
published papers on Cg adsorption on top of thiol SAM modified Au(111) substrate contain
contrasting interpretations of the observed STM images.3%:3%40 The initial studies assumed that
Ceo is residing on top of SAM,*" 8 while the direct adsorption on Au(111), with displacement of
thiol molecules was invoked in the more recent works.**#° In both cases, no direct evidence for
either adsorption mode were provided.

To address the issue of the fate of a SAM upon Cs adsorption, we have characterized PFBT
SAMs before and after adsorption of Ce molecules using XPS (Fig. 4.7, Table 4.1). The reduction
of the F1s, S2p, and Au4f peaks intensity was observed upon deposition of Ce molecules. In itself,
it could originate from either overlayer adsorption (attenuating the ejected core electrons) as well
as with direct on-Au(111) adsorption due to displacement of PFBT molecules. However, the
unchanging ratios of F/Au and S/Au peak areas before and after C¢ adsorption indicates that no
displacement of PFBT took place (Table 4.1). Deconvolution of the C1s peak reveals two main
peaks C-C at (285 eV) and C-F at (287 eV) in addition to a small broad peak at 289 eV likely
attributed to traces of C=0. Consistent with the previous observations, the C-F/Au signal remains
constant while C-C/Au increases upon Cs adsorption. Accordingly, we conclude that Ce, forms an
overlayer on top of the PFBT SAM.
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Table 4.1. Peak area ratios of PFBT and Ceso/PFBT modified Au substrate.
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Figure 4.7. XPS spectra of (a) F1s, (b) S2p, and (c) Cls for PFBT (e) and Ce-PFBT (e) adlayers,

F/Au S/Au S/F C-C/Au C-F/Au C(total)/Au
3 3 3 3 3 3
(x10 ) (x10 ) (x10 ) (x10 ) (x10 ) (x10 )
PFBT 60=+3 4.2+0.1 71£5 5+1 10+1 17+1
Ceo/PFBT 58+1 4.5+0.2 67+4 12+£2 13+1 38+3

To explore the formation of Ce multilayers on PFBT SAM, further investigation of Ceo
assembly was performed after few hours of Ce solution deposition. As shown in Fig. 4.8, Cso
multilayers (at least three apparent layers) have been formed likely due to the slow evaporation of
the solvent. The apparent height difference between these layers was measured to be
approximatively 1 A. This is lower than the previous height measured (4 A) for a Ce, monolayer
on top of PFBT (BT and C8SH). This low apparent height is likely attributed to the low tunneling
current across organic multilayers as has been previously reported for alkali halides multilayers.
The Ce molecules in two apparent layers adopt a closely packed hexagonal lattice with a unit cell
of a=b=1.0+ 0.2 nm; 0:=60 * 2° assigned to the (23 x 2v3)R30° structure. Similar packing has
also been observed for Cq adsorbed on bare gold at phenyloctane-Au interface (a=b=1.07+ 0.1nm;
a=63 + 3°) (Fig. 4.54).

147



Height (A)

g
h

X (nm)

Figure 4.8. STM image showing the multilayer formation on top of PFBT-Au. The black and red boxes
highlight the first and second layer respectively. 50x50 nm? (b) Surface profile recorded according to the
blue line showing the first, second, and third Ce layer. (c) and (d) High resolution STM image of first and
second monolayers showing the formation hexagonal close network (c) 6x6 nm? (d) 7x7 nm?. Unit cell
parameters are a=b=1.0+ 0.2nm; a=60 + 2°. Inset Fast Fourier transform (FFT) images. V, = 400 mV, I; =

0.2 nA.

4.4 Conclusions

The packing of BT and PFBT on an Au(111) surface and subsequent adsorption of C¢ have
been investigated by STM at the liquid-solid interface. BT and PFBT molecules show similar
lattice structures with respect to the surface normal. The inductive effect of the fluorine substituent
in PFBT molecules induce a rapid growth of Cs multilayer on PFBT SAMs compared to BT and
C8SH SAMs. These multilayers were shown by XPS to reside on top of the PFBT SAM and not
within the SAM. STM characterisation reveals a close packed hexagonal lattice with a (2\3 x
243)R30° structure of Ceo layers. These results contribute to the fundamental understanding of

148



molecular growth processe of organic semiconductors which is a prerequisite for optimizing the

performance in thin film-based devices.

4.5 Experimental section

Preparation of the SAMs. Au(111) substrates with atomically flat terraces were prepared by
thermal evaporation of gold onto freshly cleaved mica sheets preheated at 450 °C under a pressure
of 1077-10® Pa. The SAMs of benzenthiol (BT) and pentafluorobenzenethiol (PFBT) were
prepared by immersing the Au/mica in a 0.1mM EtOH (ACS reagent) solution of the
corresponding thiols at 60 °C for 2 to 18 hours. After SAM formation, the samples were rinsed
with pure EtOH, dried under a stream of ultrapure N2 and imaged either at solid-air or solid-
phenyloctane interface. Fullerene (Cso) molecules were dissolved in phenyloctane (Sigma-Aldrich,
98%) and used directly without further purification. A volume of 10 to 15 uL of 1mM phenyloctane
solutions of Cg have been deposited on BT or PFBT-Au modified gold substrate. The resulting
assembly has been investigated at liquid—solid interface.

Scanning tunneling microscopy (STM). All STM experiments were performed under ambient
conditions using a Multimode8™ equipped with a Nanoscope™ V controller (Bruker, Santa
Barbara, CA) and Nanoscope 8.15r3 software. The STM tips were mechanically cut from Pt/Ir
wire (80/20, diameter 0.25 mm, Nanoscience). All STM-images were obtained in the constant
current mode using an A scanner and low current STM converter by applying a tunneling current
Iset Of 70 to 400 pA and a sample bias Vst of -300 to 600 mV. Calibration of the piezoelectric
positioners was verified by atomic resolution imaging of graphite. The raw images were processed
from WSxM5.0 software.

X-ray photoelectron spectroscopy (XPS). XPS spectra were recorded on a ThermoFisher
Scientific K-alpha instrument equipped with a monochromatic Al Ko X-ray source (1486.6 eV).
Spectral energies were calibrated by setting the binding energy of Au 4f7,> (84.0 eV). The peak-
fitting procedure was performed using the Thermo Avantage software (version 4.60).

Density Functional Theory Calculations. The DFT calculations were performed by Dr. Olexandr
Voznyy using GGA + empirical (Grimme) van der Waals. The adsorption energy has been
calculated for Ceo placed on top of the herringbone structure of BT and PFBT SAMs.
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Appendix Z

Figure 4.S1. High resolution STM image showing contrast switching in BT SAM. (6x6 nm?).

Table 4.S1. Different unit cell parameters of BT SAM on Au (111) reported in the literature.

a (nm) b(nm) a (deg) | Suggested commensurate | Reference
structure
1.04+0.2 | 1.04+0.2 60 a(2V3 x 213) !
1.65+0.07 | 1.05+0.07 | 84+3 a(3\3 x 2v3) 2
0.5+0.02 0.5+0.02 59+3 a(\3 x \3) 3
1.04 1.29 81° a(2V3 x 3V3) ‘
0.57 1.23 230 a(2V3 x 3V3) >

' Wan, L.-J.; Terashima, M.; Noda, H.; Osawa, M.Molecular Orientation and Ordered Structure of
Benzenethiol Adsorbed on Gold(111). J. Phys. Chem. B 2000, 104, 3563—-3569.
2 Kafer, D.; Bashir, A.; Witte, G. Interplay of Anchoring and Ordering in Aromatic Self-Assembled
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Figure 4.S2. Sequence of STM images recorded for Cg assembly on top of C8SH modified gold substrate
at liquid-solid interface. Scanning parameters (a-h) 90x90 nm?; Vi, = 400 mV, Iy = 0.2 nA.
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Figure 4.S3. Surface profile recorded according to the blue of Cg on top of (a) PFBT (6x6 nm?), (b) BT,
and (c) C8SH SAMs. (a) (35.5%35.5 nm?), (b) (29.3x29.3 nm?), () (17x17 nm?) V, = 400 mV, ;= 0.2 nA.
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Figure 4.54. STM image showing the format

"

-

! .
ion hexagonal close network of C

A
60 on top of bare gold. (a)
67x67 nm?, (a) 21x21 nm?. The unit cell is: a=b=1.07+ 0.1nm; 0=63 + 4°.

Table 4.S2. Fitting parameters using KIMA model of Ceo growth on PFBT, BT, C8SH, and Au substrates

Model KIMA
Equation y =1-exp(-K*(x"2))

Standard Reduced Adj. R-
K Value Error Chi-Sqr Square
PFBT 3.31x10”7 1.7x108 0.48002 0.99531
C8SH 1.1x10° 2.8x10%0 4.58E-05 -0.23916
BT 9.5x10° 1.2x10° 6.02E-04 0.79042

Au > 1x106 - - -
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Chapter 5: Self-assembly of [Ceo]Fullerene Multicarboxylic
Acids on Au(111) and SAM Modified Au(111)

5.1 Abstract

The adsorption of Ceo malonic acid derivatives (Ce1(CO2H)2 and Ces(CO2H)12 on Au(111)
and a pentafluorobenzenthiol SAM-modified Au substrate (PFBT-Au) has been investigated using
scanning tunneling microscopy (STM) at a liquid-solid interface. On Au(111), Ce1-(CO2H). forms
an extended (23 x 23 )R30° overlayer structure, driven primarily by the strong molecule-Au
interactions. On a PFBT-Au substrate, only short clusters (predominantly dimers) engaging in the
intermolecular hydrogen bonding are observed. Adsorption of Ces(CO2H)12 on an Au substrate
generates an extended 2D molecular network where the molecular units are interconnected via
hydrogen bonding. Similar to Ce1(CO2H). a second monolayer has been observed at long
immersion times. On a PFBT SAM- modified Au substrate, Ces(CO2H)12 forms 1D clusters as a

result of intermolecular hydrogen bonding.

5.2 Introduction

Since its discovery in 19851 Ceo has attracted much attention owing to its intriguing
electronic, magnetic, and chemical properties. There is renewed interest in using a Ceo-based
nanostructure as a component of organic photovoltaic cells,?3* field effect transistors,>®’ and
biochemical sensors®®. Generally these applications require a transfer of Cgo properties to the
device surface using various chemical and physical methods *°

In this respect, surface modification via facile molecular self-assembly provides a means to
create complex structures and patterns of Ceo molecules with sub-nanometer precision over an
extended length scale.!! Such structures are governed by a subtle interplay of intermolecular and
molecule-substrate interactions.?

Ceo itself self-assembles into hexagonal close packed (hcp) arrays when deposited on
transition metal surfaces.*®'*!> More complex fullerene architectures have been created by pre-

patterning the substrate with a molecular template that accommodates individual Cso molecules,
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either through the host-guest interactions with a porous network (oligothiophene,*®’ benzene di-
and tri-carboxylic acids,*® calix[8]arene,'® PTCDI-melamine?) or the donor-acceptor interactions
with SAMN of electron donating molecules (porphyrin,? perylene??, coronene?®, and pentacene?®).
In these cases, the assembly is dominated by molecule-substrate interactions rather than
intermolecular forces. On the other hand, strengthening intermolecular interactions via hydrogen
bonds offers a high level of control over the molecular self-assembly process and provides a way
toward programmable Ceo supramolecular structures for potential application in molecular
machines and optoelectronic devices.?>?

Despite the importance of hydrogen-bonding motifs for the design of supramolecular
architectures, their application to 2D assemblies of fullerenes has been rarely reported.?’
Adsorption of phenyl-Cs:-butyric acid methyl ester (PCBM) on Au(111) in UHV shows coverage-
dependent behavior.?® At low molecular coverage, PCBM self-assembles into 1D wires and 2D
networks that grow preferentially at the fcc sites of Au(111) substrate. Increasing the molecular
coverage supresses the effect of substrate and increases the contribution of intermolecular
hydrogen bonds between PCBM tails groups, resulting in large 2D islands that span the surface of
the substrate.?® STM and low-energy electron diffraction (LEED) studies of Ceo-functionalized
malonic acid (Ce1-(CO2H)2) adlayer on Au(111) reveal the formation of a hexagonal close packed
structure that is ascribed to hydrogen bonding between CO2H of neighbouring molecules. *

In this work, we explore the effect of intermolecular and molecule-substrate interactions on
hydrogen-bonded fullerene derivatives. The assembly of multicarboxylic acid derivatives of Cso
(Ce1-(CO2H)2 and Ces(CO2H)12) on bare Au (111) and a pentafluorobenzenethiol (PFBT) modified
Au (111) substrates (Scheme 5.1) is investigated at liquid-solid interface. On Au (111), STM
reveals the formation of a hexagonal close packed structure of Ce1-(CO2H). driven by molecular-
substrate and weak intermolecular H-bonding, whereas Ce1-(CO2H)2 adsorption shows a hydrogen
bonded assembly. On PFBT modified Au, Ce1-(CO2H). forms clusters with different sizes up to
heptamers with the predominance of dimers, whereas Ces(CO2H)12 self-assembles mainly into

longer clusters as a result of intermolecular hydrogen bonding.
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Scheme 5.1. Chemical structure of fullerene derivatives.

5.3 Results and Discussion

Fig. 5.1 shows a representative STM image of Ce1-(CO2H). adlayer obtained at a liquid-
solid interface after drop casting a saturated phenyloctane solution of Ce:-(CO2H). onto Au(111).
The individual molecules appear as featureless bright spots with a diameter of about 0.7 nm. This
assignment is supported by the size of vacancies and admolecules in the monolayer, showing as

dark and bright spots respectively, highlighted by circles in Fig. 5.1b.

Height ( A)

X (nm)

Figure 5.1. (a) Representative 76 x 76 nm? STM images of a Ce;-(CO,H). monolayer at phenyloctane/Au
(111). Inset: Fast Fourier Transform (FFT) showing the hexagonal structure of the monolayer. (b) STM
image showing the unit cell: a=b=1+0.1 nm, a=60+3° 21 x 21 nm. The circles highlight a missing and an
admolecule in the Cso monolayer. (c) High resolution STM image showing the upper position of COH
groups of Ce1-(CO2H). molecule (76 x 76 nm?). Inset: 3D STM image showing CO;H groups. (€) Cross
section profile along the blue line in (d). Tentative model for a hexagonal close-packed Cg1-(CO2H),
molecules. (a,b) V, = 600 mV, I; = 0.2 nA; (¢) Vb =800 mV, I =0.3 nA.
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The high resolution STM image (Fig. 5.1b) and its 2D FFT (inset Fig. 5.1a) reveal a
hexagonal close packed arrangement of Ce1-(CO2H). with unit cell parameters of a = b = 1+0.1
nm, a=60+3° , assigned to (23 x 23 JR30° overlayer structure. The same molecular packing has
been reported for non-functionalized Ceo adsorbed on Au(111) in ambient,3 UHV?322 conditions,
and at a liquid-solid interface3*3* (Fig. 5.2).

Figure 5.2. STM image showing the formation hexagonal close network of Cgo 0n top of bare Au(111). (a)
60x60 nm?, (a) 31x31 nm?. The unit cell is: a=b=1.07+ 0.1nm; a=63 + 4°. V, =700 mV, Iy = 0.3 nA.

At certain tunnelling conditions, pairs of higher brightness features have been resolved on
top of Ce1-(CO2H), (inset Fig. 5.1c and Fig. 5.1e). These features could likely be attributed to
CO2H groups, as previously observed by UHV STM.® It was earlier suggested that hexagonal
close packed (hcp) Ce1-(CO2H)2 assembly is driven by strong intermolecular hydrogen bonds
between CO2H groups of adjacent molecules. However, our molecular modeling (Fig. 5.3) shows
that in the observed 2D structural lattice the mutual orientation of the CO2H groups does not allow
for continuous hydrogen bonding networks, although the molecules can pair via weak hydrogen

bonding above the molecular 2D crystal plane (Fig. 5.3c,d).*’
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Figure 5.3. Side (a) and top view (b) of Cs1(CO2H), dimer showing interplanar angle of 120° between CO.H
groups of adjacent molecules. Side (c) and top view (d) of Cs1(CO2H), dimer interacting via R?(8) pairing
of carboxylic groups.

It is noteworthy, that the free COOH groups of a Ce1-(CO2H)2 adlayer might form hydrogen
bonds with molecules of a second layer which probably explains the presence of small bright

islands of Ce1-(CO2H)2 perfectly aligned with first molecular layer (Fig. 5.4).

Figure 5.4. (a) STM image showing two layers of Cs1(CO.H), molecules on Au(111) (15 x 15 nm?). (b)
Cross sectional profile along the blue line in (2). (c) Molecular model (top and side view) showing two
layers. Vp, = 600 mV, Iy = 0.2 nA.

Overall, these arguments suggest that the Ce1-(CO2H)2 assembly is mainly driven by strong
molecule-substrate binding with weaker van der Waals molecule-molecule interactions. The
former was estimated both experimentally using temperature programmed desorption (TPD)®

(~43 kcal/mol) and by DFT calculations (~31 kcal/mol)*°. The nature of such interactions has
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been the subject of a number of studies. High resolution angle resolved photoemission*®, STM,*142
and DFT*¥# calculations suggest a strong, covalent like character for the Ceo-metal interaction.
This was concluded from the observed hybridization between the d-states of the metal surface and
the w-orbitals at the Ceo cage, the significant charge transfer from the substrate to Ceo (0.7 to 2 €
per molecule*®), and the surface reconstruction upon fullerene adsorption.*4’

One way to weaken the Cgo-substrate interaction is by passivating the surface of Au(111)
with a monolayer of organothiols.*84%5051 |n the following, we explored the assembly of Cei-
(CO2H)2 on Au(111) pre-modified with PFBT SAM, which has been previously (Chapter 4) shown
to favorably interact with Ceo. SAM of PFBT on Au(111) is characterized by rows of molecules
oriented along (110) direction of the underlying Au (111), forming a (2 x 2v3) 2D crystal lattice
with two standing up molecules per unit cell.%? In contrast to Au(111) surface, adsorption of Cg1-
(CO2H). onto a PFBT-Au substrate at the solid-liquid interface did not yield a close-packed
structure. Instead, a range of Ce1-(CO2H). clusters, up to a heptamers are observed on the surface

(Fig. 5.5).
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Figure 5.5. (a) Representative 40 x 40 nm? STM images of C¢;1-(CO2H). monolayer on PFBT/ Au(111). (b)
Histogram of Ce1-(CO2H), assembly distribution. STM image and corresponding molecular model of Ce;-
(COzH)2 (c) dimers (14 x 11 nm?) (d) trimers (27 x 31 nm?), (e) tetramers (12 x 9 nm?), and (f) heptamers
(11 x 11 nm?). d1 2 and d 5 are center-to-center distances between the neighboring and each third molecule,
respectively, in the R%(8) H bonded polymer of Ce1-(CO2H)2. Vi, = 800 mV, I = 0.15 nA.

Statistical analysis of STM images (Fig. 5.5b) reveals the predominance of dimers (60%).
These nanostructures are remarkably immobile: no significant drift in their location was observed
during STM scanning (Fig. 5.6a-c) suggesting their strong interaction with the substrate. An
unexpectedly strong interaction has been previously observed for Ceo on-PFBT SAM on Au
(Chapter 4). It is noteworthy that the dimers align preferentially along the (110) direction of Au
(111). This alignment does not seem to be induced by scanning the STM tip, since no reorientation

was observed upon the change of the scan direction (Fig. 5.6d,e).
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Figure 5.6. (a), (b), and (c) Consecutive STM images showing the stability of C¢:-(CO2H), dimers. (13.8 x
13.8 nm?). (d) and (e) a representative 81 x 81 nm STM image of Cg;-(CO2H). dimers on PFBT/Au at 0°
and 90° scanning angle respectively. V, = 800 mV, I; = 0.15 nA.

Analysis of the molecular separation in Ce1-(CO2H)2 clusters shows two distinct distances:
di2 =14 £ 0.2 nm, and d23 = 1.2 £ 0.2 nm for the neighboring and each third molecules,
respectively. This is consistent with a di 2 of 1.5 nm and a d»,3 of 1.2 nm predicted by the molecular
model of Ce1-(CO2H): arrays interconnected through R?;(8) hydrogen bonds (Fig. 5.5). In these
structures, the molecules are stabilised by one R%(8) hydrogen bond as well as weak vdwW
interactions between each third molecules in the zigzag chain. An alternative mode of assembly of
Ce61-(CO2H)2 has also been considered but ruled out based on the very different modelled
intermolecular separations (Fig. 5.7) .
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Figure 5.7. Molecular model of an alternative Cg1-(CO2H), hexamer. di2> = 1.2 nm; dz3 = 2.0 nm.

A control experiment with an ester of fullerene malonic acid (Ce1-(CO2Et)2) derivative
confirms the critical role that the hydrogen bonding plays in the observed assembly (Fig. 5.8).
Upon adsorption of Ce1-(CO2Et)2 onto PFBT-Au, only randomly distributed individual molecules

are observed on the surface.

L:n 2 =5 SR 2 i

Figure 5.8. (a) Representative 70 x 70 nm? STM images of Cg;-(CO,Et), on PFBT/Au. (b) High resolution
STM image showing isolated Ce1-(CO2Et), molecules. 31 x 31 nm?. Vi = 700 mV, I; = 0.15 nA

The above results highlight the importance of hydrogen bonding in the formation of Ce-
(CO2H):2 clusters. However, as more molecules interconnect via hydrogen bonds, the frequency of
the clusters formation decreases (60% dimers, 17% trimers, 9% tetramers, 1% heptamers). This
trend indicates that the spontaneous self-assembly of Ce1-(CO2H)2 into small clusters is more
favorable. A plausible explanation might be the free rotation of dimers compared to longer cluster
which would increase the entropy of molecules and also might enable a more favorable enthalpy
of interaction. The incorporation of molecules within PFBT SAMs through partial replacement of
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thiol molecules could also explain the favorable formation of dimers which would cause less strain
within SAM than longer clusters.

As a bidentate H-bonding building block (two R?(8) synthons), Ce1-(CO2H)2 can only
assemble into 1D chains. In order to create 2D molecular networks using hydrogen bonding we
employed of Ces(CO2H)12 molecule with six malonic acid moieties aligned in the three orthogonal

space directions (Fig. 5.9).

Figure 5.9. (a) Representative 80 x 80 nm? STM images showing domains of a Css (CO2H)12 monolayer
on Au (111). (b) STM image showing one domain of Cge-(CO2H)12 (20 x 20 nm?). Inset 3D STM image
showing the upper —CO.H groups. 6 x 6 nm? (c) High resolution STM image showing the oblique unit cell.
a=b=1.5+0.2 nm, a=72+3°. 10 x 10 nm?. (d) Tentative model (top and side view) for close-packed Ces-
(CO2H)12 molecules. Unit cell. a=b=1.5nm, a=68° (Top and side view). V, = 800 mV, I, = 0.15 nA.

Adsorption of Ces-(CO2H)12 onto Au(111) from a saturated phenyloctane solution results

in the spontaneous formation of a 2D molecular structure with a domain size ranging from 20 to
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60 nm (Fig. 5.9a). A zoom-in of these domains reveals two bright protrusions on top of each
molecule, as was observed for Ce1-(CO2H)2, and attributed to CO2H groups. The 2D SAMN of
Ces-(CO2H)12 is characterized by an oblique unit cell that contains one molecule and has the
parameters of a=b=1.5+0.2 nm, a=72+3°, which is different from the hexagonal close-packed
arrangement observed for Cs1-(CO2H).. Based on the high resolution STM images (Fig. 5.9¢), a
tentative molecular packing model is proposed (Fig. 5.9d). This model shows a unit cell a=b=1.5
nm, a=68° which is consistent with experimental results. The molecules are assembled into
oblique structure in which each molecule is connected to two neighboring molecules through
strong R%(8) hydrogen bonds of two CO2H groups along b direction of unit cell. Thus formed H
bonded supramolecular lines are held together by less favorable hydrogen bond contacts of four
other CO2H groups along a direction. The model also suggests that two other CO2H groups in the
ab plane are precluded from H bonding by the geometry of the network. Due to the four fold
symmetry of Cee-(CO2H)12, two CO2H groups per molecule might favorably interact with Au(111).
The interaction of CO2H groups with Au substrate has been previously reported for the standing
up phase of trimesic acid (TMA) on Au(111).%** Finally, the remaining two CO2H groups are
pointing away from the substrate enabling a potential binding of a second layer. Indeed, as shown
in Fig. 5.10, after 18h of Au immersion in Ces-(CO2H)12 solution the growth of a second layer has
been observed. Disordered aggregates in addition to well-ordered islands that include few defect
sites have been clearly distinguished in the second layer. Based on the cross sectional profile, a
molecular packing where Ces-(CO2H)12 assemble are on top of each other has been suggested

which is similar to Ce1-(CO2H)2 bilayer.
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Figure 5.10. (a) STM image showing two layers of Ces(CO2H)12 molecules on Au(111) (90 x 57 nm?). (b)
(d) Molecular model (Top and side view) showing two layers. Unit cell. a=b=1.5nm, a=68°. (c) Cross
sectional profile along the blue line in (a).Vy = 1000 mV, I = 0.15 nA.

The STM image of Ces(CO2H)12 molecules adsorption onto a PFBT-Au substrate at the
solid-liquid interface reveals individual molecules that are aggregated into clusters (Fig. 5.11a) or
aligned as dimers or tetramers on top of PFBT stripes (Fig. 5.11b). An interparticle distance d 2 of
~1.5nm has been measured for Ces(CO2H)12 rows suggesting their interconnection via hydrogen
bonds. The possibility of SAM penetration and intermixing of Ces(CO2H)12 with PFBT molecules
might explain the lack of formation of ordered 2D monolayers on this substrate.

Height (A)

Figure 5.11. (a) STM images showing a Ces-(CO2H)12 adlayer on PFBT/Au (111). (b) STM image showing
one domain of Cg-(CO2H)12.60 x 60 nm?. (c) Cross sectional profile along the blue line in (b). Vi, = 800
mV, l;=0.2 nA.
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5.4 Conclusions

The directionality, selectivity and relatively high bond strength of intermolecular hydrogen
bonding have been exploited for the formation of mono and bilayers of [Ceo]fullerene
multicarboxylic acids derivatives (Ce1-(CO2H)2 and Ces(CO2H)12). The resulting monolayer
structures (dimers, oblique, hexagonal) were shown to depend on the number and position of
carboxylic functionalities. A close packed monolayer structure is obtained upon adsorption of Ce:-
(CO2H)2 onto Au(111). The CO2H groups are pointing away from the surface which suggests that
the monolayer is mainly driven by molecule-substrate interaction. In this case, the hydrogen bonds
do not contribute significantly to stabilization of the monolayer but likely participate in the growth
of a second layer. On PFBT modified Au substrate, Ce1-(CO2H)> form hydrogen bonded 1D
clusters. Ces(CO2H)12 which have six malonic acid oriented in three different directions form a
hydrogen bonded 2D molecular network onto Au (111) and 1D clusters on top of the PFBT
modified Au substrate. This study highlights the important role of intermolecular hydrogen
bonding in the formation of supramolecular nanostructures of fullerene derivatives which is of

great interest for application in areas such as catalysis, gas storage, and drug release.

5.5 Experimental part

Fullerene derivatives Ce1-(CO2Et)2, Ce1-(CO2H)2, and Ces(CO2H)12 Were prepared according to
literature.>®67
Au(111) substrates with atomically flat terraces were prepared by thermal evaporation of gold onto
freshly cleaved mica sheets preheated at 450 °C under a pressure of 1077-10* Pa. The SAMs of
pentafluorobenzenethiol (PFBT) were prepared by immersing the Au/mica in a 0.1mM EtOH
(ACS reagent) solution of the corresponding thiols at 60 °C for 2 to 18 hours. After SAM
formation, the samples were rinsed with pure EtOH and dried under a stream of ultrapure Na.
Fullerene derivatives were dissolved in phenyloctane (Sigma-Aldrich, 98%) and used directly
without further purification. A volume of 10 to 15 pL of saturated phenyloctane solutions of Ceo
have been deposited on bare Au(111) or on PFBT-Au substrate. The resulting assembly have been
investigated at a liquid—solid interface.

All STM experiments were performed at liquid-solid interface using Multimode8™
equipped with a Nanoscope™ V controller (Bruker, Santa Barbara, CA) and Nanoscope 8.15r3

171



software. The STM tips were mechanically cut from Pt/Ir wire (80/20, diameter 0.25 mm,
Nanoscience). All STM-images were obtained in the constant current mode using an A scanner
and low current STM converter by applying a tunneling current lset of 70 to 400 pA and a sample
bias Vst of -300 to 600 mV. Calibration of the piezoelectric positioners was verified by atomic
resolution imaging of graphite. The raw images were processed from WSxM5.0 software.

The geometry optimizations of Ce1-(CO2H)2 and Ces-(CO2H)12 were performed using
HyperChem 8.0 software (from Hypercube Inc.), applying the MM+ force field with the Polak-
Ribiere gradient optimization algorithm until a root-mean-square gradient convergence criterion
of 0.001 kcal At mol ™ is reached.
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Chapter 6: Conclusions and future work

6.1 Conclusions

Molecular self-assembly offers an attractive approach for constructing ordered molecular
structures for nanopatterning applications. By taking advantage of the hierarchical order of
physisorbed monolayers and the enhanced stability offered by chemisorbed molecules, robust
and/or versatile 2D molecular networks were formed, and explored for templating AuNPs and Ceo
nanostructures. An important part of this work was the design and the assembly of building blocks
through various intermolecular and molecule-substrate interactions on HOPG and Au substrates.
The balance between these interactions was found to determine the packing, orientation, and
stability of the resulting molecular monolayers.

This was shown first for the SAM formed from tridentate thiol molecules on Au(111)
(Chapter 2).This synthetically versatile molecular motif is based on a benzene ring substituted with
three methylthiol groups in alternation with three different alkyl chains (methyl, ethyl, dodecyl).
The STM, XPS, and electrochemical characterizations of these SAMs reveal a dependence of the
surface density and molecular orientation on the size of the alkyl substituents. Indeed, SAMs of
Mes-BTMT exhibits the highest molecular density of the three molecules studied but the lowest
ratio of substrate-bound/free thiol, suggesting a preferential standing-up orientation with only one
thiol group interacting with the surface. In contrast, the bulkier ethyl substituents in Etz-BTMT
favour a lying down orientation on the surface, yielding a SAM with a higher degree of
chemisorption. Finally, ODes-BTMT predominantly adsorbs in a lying down orientation where
almost all its thiol groups bond to the gold substrate. This orientation is mainly driven by the vdW
interactions between the alkoxy chains and the gold, and between themselves. As a whole, these
findings demonstrate a method for controlling the packing density, conformational order, and
stability of SAMs by tailoring the structures of multifunctional alkanethiol adsorbates. This in turn
opens the door to new uses for SAMs in surface engineering applications.

The possibility of tailoring the interplay between the molecule-substrate and intermolecular
interactions was also demonstrated for physisorbed SAMN (Chapter 5). Tuning the molecule-Au
interaction was demonstrated using a PFBT modified Au substrate. The directionality and
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selectivity of intermolecular hydrogen bonding drives the assembly of mono and bilayers of
[Ceo]fullerene multicarboxylic acid derivatives (Ce1-(CO2H)2 and Ces(CO2H)12). The resulting
structures (dimer, oblique, hexagonal) were shown to depend on the number and position of
carboxylic functionalities and the nature of the surface. This study highlights the important role of
the fullerene structure and intermolecular interactions in the self-assembly process.

The use of physisorbed monolayers for nanopatterning applications was demonstrated.
SAMN of a p-dialkoxybenzene derivatives has been used as template for directing the two
dimensional assembly of thiol-capped AuNPs at liquid-solid interface. The lamellar molecular
adlayer acts as a sticky template, enabling the adsorption of AuNPs. Notably, the structural
information of the monolayer is transferred to the AuNP assembly, which leads to superlattices
with a non-centrosymmetric unit cell. This templating effect is primarily driven by van der Waals
interactions between the alkyl chains of NP ligands and those of the underlying molecular
template, and the efficiency of assembly is highest when the alkyl chains on the NP and substrate
surfaces are of similar lengths. The resulting immobilization of AuNP in the ordered monolayer
on HOPG enables high-resolution STM imaging of the internal structure of AuNPs in the liquid
environment. Achieving the efficient 2D-templating effect at a solid-liquid interface opens the way
for directing the self-organization of a variety of nanomaterials (other metal nanoparticles,
quantum dots, etc.) under dynamic equilibrium conditions.

Using X-ray photoelectron spectroscopy (XPS) we demonstrate that, in contrast to previous
reports, the thiol adsorbates are not displaced during Ceo adsorption from solution but instead form
an adlayer on top of the SAM. STM characterization reveals both slight structural differences
between BT and PFBT SAMs and dramatically different abilities to direct the adsorption of Ceo
molecules from solution.

Chemisorbed monolayers of BT and PFBT were formed on Au(111) and explored for
directing the organization and growth of Ceo molecules. Similar structural properties of BT and
PFBT SAMs but different templating effects were observed. The in situ STM investigation of Ceo
layer growth kinetic reveals a faster (>100X) multilayer formation on PFBT compared to BT and
C8SH SAMs. Ceo multilayers are located on top of PFBT SAM as shown by XPS. STM
characterisation reveals a (2V3 x 23)R30° structure of these multilayers. The insights gained in
this study demonstrates the importance of controlling the growth process at a SAM-semiconductor

interface for producing high performance thin film-based devices.
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6.2 Future work

Overall, the combination of SAMs with SAMN offers considerable design flexibility and
precise control of the structural properties and functionalities of molecular monolayer. Exploring
these monolayers for patterning inorganic nanostructures is still at an early stage. The next step
will be to investigate new morphologies of mono- and polymetallic nanosized inorganic structures
such as Au nanorods or Au-Pt nanoparticles. Patterning such nanostructures is of great interest in
a range of applications, such as in electronic devices, catalysis, sensing, and energy conversion.

Further understanding of the nature of Cgo growth onto SAMs and extending this study to
more semiconductor nanoparticles will allow for the formation of well-controlled films that have
great potential in constructing low-cost electronic devices such as organic solar cells and field
effect transistors.

The formation of these molecular networks and inorganic nanostructures onto more versatile
substrates such as graphene is expected to promote the development of graphene-based flexible
electronics with novel properties. Moreover, it represents a promising method for functionalization

of graphene without compromising its electronic properties.
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