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CHAPTER I: Data storage devices, molecular electronics and state of the art

This chapter will present modern data storage devices and the principle of their functioning, the
fabrication techniques of their components, which are nanometric semiconductors, and the

limitations of the fabrication that are being reached for these devices based on miniaturization.

The alternative ways for the conception of more cost, energy and capacity effective devices will be
then presented, with a particular focus on the potential of molecular based electronic materials.
Their advantages and the challenges these materials oppose will be discussed, and we will make an

analogy between molecular and semiconductor based electronic devices functioning.

A presentation of the molecules exhibiting the required properties for molecular electronic will be
made, with an accent about these properties, their interests and fields of application.
Polyoxometalates (POMs) will then be presented generally, and in particular, Keggin POMs

characteristics will be discussed.

We will make an overview of the different strategies used by research teams to organize POMs into
thin films, monolayers and isolated periodic units on surface, particularly relying on functionalized
substrates as template to induce the organization with the different favorable and unfavorable

molecular interactions.

Finally, we will present self-assembling molecules used to functionalize substrates into templates
helping for the individualized organization of molecules on the surface, we will especially present
tris-styrylbene based 2D self-assemblies on HOPG substrates, and its use for this purpose. | will end
this chapter by presenting the expected ins and outs of my work as well as the various strategies

considered.

| - Data storage devices overview

Nowadays, electronic devices such as solid state drives (SSDs) and RAM memory are widely used for
data storage, and they have undergone rapid evolution over the past few decades! (Figure 1). The
core of these devices is based on silicon nanoscaled semiconductors packed in chips with billions of
integrated circuits that are fabricated using lithographic techniques?. In modern electronic, a type

of transistor called a metal-oxide-semiconductor field-effect transistor (MOSFET) is widely used for



all memory components. MOSFETs are considered to be one of the most important materials in

modern electronics and are among the most manufactured items in human history.
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Figure 1 : Random access memory devices (RAM), left: 128 Mo memory capacity produced in 2002 year right: 16 Go memory

capacity produced in 2018 (128 times memory capacity in the same device size)®

MOSFETs are made of doped silicon, which consists of single-crystal silicone molded into thin layers
called wafers.® Their structure is divided into four terminals, the body (B) consist of p-type doped
semi-conductor silicon (hole carrier), the source (S) and the drain (D) which are both made of n-
doped semi-conductor silicon (electron carrier), the gate (G) made of metal or conductive silicon and
separated by an isolating oxide layer.” The contact area between the n-type and p-type
semiconductor is the depletion region, where the free electrons from the n-type layer fill-up the
holes in the p-type layer. When the equilibrium is reached, the depletion zone become positively
charged in the n-side and negatively charged in the p-side, and an electronic field is created
preventing further electrons exchange acting like an insulator.® Due to this isolative depletion region,
when positive and negative electrical charges are applied to the source (S) and drain (D) terminals,
electricity cannot flow. However, when a positive electric charge is added on the gate terminal, the
holes beneath the oxide layer undergo a repulsive force and are pushed downwards, and at the same
time, electrons from the n-doped source and drain regions are attracted, creating an electron rich
channel (an n-channel) between (S) and (D), allowing an electric current to flow (Figure 2). This ability
allows MOSFETs to be switched on and off by controlling the current flow, this simple operation is
the basis of electronic devices where every switch on or off is interpreted as 0 or 1 and which is the
binary code of computer systems.® These on/off states are needed to be enough stable in order to

avoid loss of information during the writing and reading process.
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Figure 2 : Schema of MOSFET with the formation of the electron rich channel between the source and the drain after
application of a current on the gate (G)*°

For data storage devices, MOSFETs are integrated into electronic chips, and the more transistors the
chip contains, the greater the data storage capacity. Thus, one of the key points to improve the
performance of these devices is to reduce the size of the transistors to increase data storage
density.! Manufacturing techniques of electronic chips have known a considerable progress, passing
from a size of 0.18 micron per transistor in 2000 to 5 nanometer nowadays. The production of chips
with 3 nm size transistors have recently started according to TSMC company.'> However, the
miniaturization of these transistors is reaching its physical limits, indeed, the number of transistors in
dense integrated circuits evolves according to Moor’s law,*® which states that speed and capability of
computers can be expected to double every two years as a result of increases in the number of
transistors a microchip can contain, but a slowdown in the evolution of chip’s transistors density has
recently been observed®® due to the complex process involved for the miniaturization of these

components,'* as shown in Figure 3.
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Figure 3 : Size and number of transistors per mm2 since 1997 and expected evolution for 2027, illustrating the slowdown of
Moore’s law®

The needs for data storage worldwide increase constantly® due to factors such as human population
growth and a rapid spreading of numeric technologies in many fields of daily life. Another critical
point is the reduction of power consumption of these memory devices?, indeed, the increase of data

centers requiring to be powered constantly pauses serious energy and environmental problems.*®

Several alternatives are envisaged to overcome these limitations, such as a change in the
architecture,’® and the use of nanoparticles or DNA fragments to replace MOSFETs and/or increase
data storage density with a reduction of power consumption.?>?® One of the most promising
alternatives consists of packed individual molecules as data storage units.2* This approach allows in
theory to increase the storage density due to the small size of molecules and to make more energy
efficient devices to provide a viable solution for these problems.? Also, due to their versatility,
molecules can offer novel functionalities. The leveraging of their electronic, optical, and magnetic
properties would allow the development of novel functionalities and promising devices in fields such
as multi-level memories,”® and quantum computing.?’ Another advantage that molecular memory
materials can potentially offer is a cost-effective production,”® due to the fabrication methods and

the cost of molecules.?*%

However, the design of these materials requires several challenges, and one of the most important is
to be able to precisely control the organization of the molecules on surface, to have packed and

periodical distribution in order to optimize the storage density, but at the same time separated

10



molecules from each other to allow the individual addressing. Also, scalability is an important point
for the fabrication of enough large substrates. Thus a reliable and repeatable method of fabrication is
crucial, and if these points are reached, an analogue material to the MOSFETs-based ones will be

obtained with a writing/reading process being able to be performed on single molecules.

Il - Molecular electronics

Molecular electronics is a branch of nanotechnology that focuses on the design, fabrication, and
study of electronic components and devices at the molecular scale. It involves the use of individual
molecules or molecular systems as functional building blocks for constructing electronic circuits and
devices that range from simple components like molecular wires3! and switches,3? to more complex

structures like molecular transistors.??

Molecular wires, which consists of a single or a few molecules capable of conducting electrical
current, can be synthesized with different conductive properties such as metallic, semiconducting, or
insulating behavior, depending on the molecular structure and arrangement.3* Molecular wires can
be used to connect various electronic components and create functional circuits. One example of the
study of molecular wires is reported by Sukegawa et al. where they studied the photo induced
electron transfer between donor (zinc porphyrin) and acceptor (C60) molecules connected by a pi-

conjugated rigid molecular bridge made of oligo-p-phenylenevinylene.®

Another element in molecular electronics is the molecular switch. These are molecules capable of
changing their states in response to external stimuli such as light, electric fields, or temperature.
Amongst the molecules that exhibit such property we can cite the dithienylethenes?® that are
reversible molecular switches consisting of conjugated parts connected by a switching element
(Figure 4), and azobenzenes® that can undergo light-driven trans/cis isomerization. Switching
between different states allows the realization of logic operations and memory functions using

unique molecules® in the same way as it’s done with transistors in modern electronic circuits.

11
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Figure 4 : Reversible photocyclisation of 1,2-dithienylethene moieties upon UV—-Vis light irradiation32

Data storage devices based on molecules, although still at the fundamental research level, are
drawing much interest, indeed, researchers have demonstrated the use of individual molecules, such
as rotaxane, as storage elements for binary datas®. However, one of the major challenges in
molecular electronics is the precise arrangement and integration of individual molecules into
functional devices. While the semi-conductor-based electronic materials have already reliable and
scalable fabrication methods based on top down approach®®, the conception of molecular electronic
devices for data storage is still at a research stage, and rely most commonly on a bottom-up
approach.®® These two approaches are one of the principal differences between the conception of
classic semi-conductor-based electronic components and the emerging molecular based electronic
materials. Top-down approach being the most widely used in semiconductor industry, it has
undergone a rapid evolution during the past decades, and many top-down approaches techniques

have been developed based mainly on lithography.*

1.1 — Top-down approach

Top-down approach in the semiconductor industry can be divided into several techniques (Figure 5).
Basically, it is a subtractive process where the starting material is composed by a bulk silicon
substrate which is treated with various processes in order to remove material layer by layer to create
complex patterns on silicon wafers. An example of a top-down approach method consist of applying
a mask or resist layer on the surface of the substrate which is then patterned by exposing it to light
or chemicals. The exposed areas are then removed to leave a patterned layer that acts as a template

for the subsequent etching process.*

12
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Figure 5 : Schema of four diffrent top-down lithography etching processes*!

The top-down approach is a highly precise and repeatable process that allows for the fabrication of
complex patterns and structures at a nanoscale level. However, this approach has its limitations, as it
is difficult to achieve high aspect ratios and precise control over the size and shape of the features,
which is due to factors such as the diffraction limit of light (Rayleigh Criterion) used in
photolithography and the limitations of chemical etching techniques®. Also, the technique is not
suitable for creating three-dimensional structures*, and the cost of the equipment and facilities is

expensive (Figure 6).
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Figure 6 : Extrem ultraviolet lithography system by ASML company® (size of a double-decker bus and weigh around 180

tonnes ~150 million euros)

1.2 — Bottom up approach

The bottom-up approach in molecular electronics involves the assembly of individual molecules or
nanoscale building blocks to create functional devices. This approach relies mainly on self-assembly
processes, where the molecules or building blocks interact with each other through various chemical

and physical forces to form ordered structures®® (Figure 7).
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Figure 7 : Bottom-up material fabrication approach?”

One advantage of the bottom-up approach is that it allows for the creation of highly ordered and
precise structures at the molecular scale taking advantage of properties such as self-assembling. It
also has the potential to be more cost-effective compared to the top-down approach, as it does not

require expensive equipment and facilities.*®

However, the bottom-up approach has its own set of limitations, and one of the key challenges in
molecular electronic field is to reliably and reproducibly fabricate molecular-based devices at a large
scale. This requires the development of methods for precisely positioning and attaching molecules to
surfaces, as well as for controlling their electronic properties. Several techniques are used for the
fabrication and characterization of molecular-based devices, including self-assembly, molecular beam
epitaxy, and scanning probe microscopy-based techniques such as scanning tunneling microscopy

(STM) and atomic force microscopy (AFM).*

11.3 - Molecules for data storage devices

Molecules that have potential use in molecular electronics, particularly for memory applications,
should have specific properties, amongst them, stable electronic states, magnetic properties such as

anisotropy, single molecule magnet and optical properties®®. Some common molecular systems

15



investigated for data storage include metal complexes, organic compounds, and various cluster

molecules.*!

11.3.1 Optical properties

Optical properties are studied in the field of data storage, by using in particular the photoswitchable
characteristic exhibited by several types of molecules® to simulate the on/off states of transistors.
Metal complexes attracted a lot of interest as molecular switches, due to their ability to change their
electronic state by using light. For example, Aminoazobenzene-substituted ruthenium complex has
been studied as molecular switch by Amar et al. for its potential applications in molecular photonic

memory devices, due to its reversible photoisomerization properties (Figure 8).>3
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Figure 8 : (a) Aminoazobenzene-substituted ruthenium complexes with reversible photoisomerization properties®3

11.3.2 Magnetic properties

For data storage and particularly in the field of quantum computing®, specific magnetic properties
are required to allow manipulation and storage of quantum information. One important property is
the ability to maintain magnetic coherence, which is the preservation of the orientation of electron
spins over a certain period of time. This is essential for maintaining the stability of quantum

information®>°®. Several transition metal complexes have been studied for this property.>”>®
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Quantum computing is a type of computing that uses quantum-mechanical phenomena to perform
operations on data. In quantum computing, a qubit (short for quantum bit) is the basic unit of
guantum information. Unlike classical bits, which can only have a value of either 0 or 1, qubits can
exist in a superposition of both states simultaneously. This means that a qubit can represent both 0
and 1 at the same time, with a probability of each state that is determined by the state of the qubit.
The behavior of qubits is governed by the principles of quantum mechanics, which allows for
phenomena such as entanglement and interference, where the state of one qubit can affect the state
of another qubit, even if they are separated by a large distance>>®. Because of their ability to exist in
superposition and their potential for entanglement, qubits are the fundamental building blocks of
guantum computers, which have the potential to solve certain problems exponentially faster than
classical computers®:2. However, building and maintaining stable qubits is a major challenge in the
development of quantum computers®®. Thus, one of the key advantages of using molecular
electronics in quantum computing is the ability to achieve extremely high levels of control over
individual molecular components. This level of control is essential for achieving the precise quantum
state manipulation required for quantum computing®. Indeed, molecular electronics offers the
potential for constructing stable and controllable qubits®. This is because molecules can offer a wide
range of unique electronic properties, including the ability to act as spin qubits®, which can be

manipulated using external magnetic fields.%’

Molecules with large magnetic moments, such as rare earth ions and also transition metal
complexes, are often used for this purpose®®®. Also, these molecules should have a long relaxation
time, which is the time it takes for the system to return to its equilibrium state after being perturbed.
This allows for stable storage of quantum information’®. Figure 9 shows a reported polyoxometalate

with the general formula [VV1sAs"s O42(H20)]s2 named V15 with an interesting relaxation time for a

potential use as qubit.
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Figure 9 : Structure of V15 POM as spin qubit candidate and time evolution of the average spin after spin echo sequence
(green, V; orange, As; red, 0)’*

Other important magnetic properties include anisotropy, which is the dependence of magnetic
properties on direction, and coherence length, which is the distance over which the magnetic

coherence is maintained’.

11.3.3 Red/Ox properties

Redox properties of molecules could potentially allow the manipulation and storage of information”.
It refers to the ability of molecules to undergo reversible oxidation and reduction processes, which
can be used to store and manipulate electronic charge and spin states’*’>. This property is typically
exhibited by molecules that have a high degree of electron delocalization, such as conjugated organic
molecules or transition metal complexes’®’’. These molecules can undergo reversible oxidation and
reduction reactions (Figure 10), which can be used to switch between different electronic states and

store information.
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Figure 10 : Reversible redox cycles of of porphyrin for read/write process’®

Also, the ability to maintain redox stability, which is the ability to resist irreversible oxidation or
reduction, is essential for maintaining the stability of the system and avoiding degradation or loss of
information’®. Molecules with stable redox states, such as metal complexes or organic radicals,
generally present interesting redox stability®®®!, These molecules should have a high redox potential
as well, which is the energy required to transfer an electron from one state to another. This allows

for efficient and controlled manipulation of electronic states and the storage of information®2,

Polyoxometalates (POMs) are a class of inorganic compounds that have recently gained attention as
promising candidates for molecular electronics due to their unique electronic, magnetic and redox
properties®®. POMs are composed of metal oxide clusters linked by oxygen atoms, and their
properties can be tuned by changing the metal and oxidation state of the clusters. Recent studies
have shown that POMs can be used as charge storage materials and in data storage applications due

to their high stability and large dipole moment84-8¢,

19



lll - Polyoxometalates for molecular electronics

Polyoxometalates (POMs) are a class of inorganic metal-oxo clusters with a wide range of
applications in catalysis, energy storage, medicine, and electronics and spintronics®”#8. POMs consist
of a core of transition metal cations, usually tungsten or molybdenum, generally at their highest
oxidation state, linked together by bridging oxygen atoms to form a three-dimensional structure.

They have been extensively studied due to their unique structural and electronic properties.

I1l.1 — General overview

POMs were first discovered by the D’Elhuyar brothers, Juan José D’Elhuyar and Fausto D’Elhuyar
back to 1783 when they obtained the (NH4)3[PM01,040] POM from the reaction of ammonium
molybdate with phosphoric acid and described it as a yellow spicy/bitter tasting salt®. Although,
Berzelius is the one that first reported the system in 1826%°, and Keggin solved the structure in 1933
using powder X-ray diffraction®>%2. Since then, hundreds of POMs with varying sizes, shapes, and
compositions have been synthesized and characterized. POMs can have high symmetry, such as the
Keggin structure, a spherical structure composed of 12 tetrahedral units, or low symmetry, such as
the Lindqvist structure, a hexanuclear cluster with a trigonal prismatic shape. POMs can range from
small clusters with a few metal atoms that have a molecular weight of hundreds daltons and around
one nanometer size, to large aggregates of hundreds of metal atoms with a molecular weight of

thousands daltons and a size of several nanometers.

The general formulas of POMs are written as [MmOy]™ for isopolyanion POMs and [XiMmO,]™ for
heteropolyanion POMs. The X atoms are usually cations such as phosphorus, gallium, aluminum...etc.
The metal M is most commonly group 6 (molybdenum or tungsten), and less commonly group 5
(vanadium, niobium or tantalum); x, m and y are stoichiometry coefficients and n is the charge of the
POM. They can be associated to a large variety of counter-cations: organic cations (alkyl ammonium
or phosphonium...), and inorganic cations (alkalines, protons...). The choice of counter ion can have a
significant influence on their physical and chemical properties®™, and one of the main effects is the
solubility of POMSs which is a critical factor in many applications, such as catalysis and energy storage
and material science. For example, ammonium and alkali metal counter ions are known to enhance

the solubility of POMs in water, while organic counter ions are known to enhance their solubility in
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organic solvents. The main types of POMs can be classified based on their structure, which includes

Keggin, Anderson, Lindqvist, and Wells-Dawson POMs, that are certainly the most studied ones.

Anderson type POMs have the general formula [XMgO24]"", their planar structure was proposed by J.
S. Anderson in 1937 and confirmed by H. T. Evans in 1948 with the determination of the cristal
structure of a single [TeMos024]® molecule®. The structure consists of a central XOs ion forming an

octahedron and surrounded by six octahedral edge sharing MOg units (Figure 11).

Lindqgvist are a category of POMs that do not have heteroatoms, the general formula of lindqgvist
POMs is [MgO19]™™ and their structure form a hexanuclear cluster with a trigonal prismatic shape,

composed by 6 MOg octahedrons, it provides a set of eight identical triangular faces (Figure 11).

Wells-Dawson POMs structure is composed by eighteen metal atoms, each of them in a pseudo-
octahedral MOg environment, these octahedrons are organized into parallel rings of 3, 6, 6 and 3
metal ions, the two rings of the polar regions with 3M each are called caps while the two rings with
6M each in the equatorial region are called belt, the center of each belt ring is occupied by a XO4

tetrahedron. The general formula for Wells-Dawson POMs is [X;M1506,]" (Figure 11).

Keggin Lindqvist
[ XM12040]™ [MeO19]™

Anderson Wells-Dawson
[XM6024]™ [ X2M18062]™

Figure 11 : Sturctures and formulas of common polyoxometalates, top-left : Keggin, top-right : Lindqvist, down-left :
Anderson and down-right : Wells-Dawson
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11l.2 — Keggin POMs

Lastly, as this work focus particularly on Keggin POMs, a more detailed description of its structure
and properties will be given. These POMs are named after the British chemist Peter Keggin, who first
described their structure in 1933, their general formula is [XM1204]"" and they are widely studied
due to their structural and electronic properties. Additionally, Keggin POMs are relatively easy to
synthesize and modify, making them attractive for researchers interested in exploring their

properties and applications.

111.2.1 Structure of Keggin POMs

Keggin POMs have a spherical structure composed of 12 tetrahedral units, each tetrahedron contains
a metal center most commonly a molybdenum or tungsten, surrounded by four oxygen atoms. The
tetrahedra are linked by sharing oxygen atoms to form the larger spherical structure. The center of
the structure is occupied by a heteroatom, typically phosphorus, silicon or boron in a center of

tetrahedron as shown in Figure 12.

a-Keggin [PW,,0,,1*

Figure 12 : Keggin POM structure with polyhedra (left) and ball and stick (right) representations with in red balls the oxygen

atoms, in blue balls the tungsten atoms and in orange ball the central phosphorus atom
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The physical size of Keggin POMs is around 1 to 2 nanometers, however, it can vary depending
especially on the counter ion, for example, the H3[PMo01,040] has a reported structure of 1.3-1.4 nm®®

and the free anion [PW1,040]* has a diameter of approximately 1.06 nm.’

111.2.2 Synthesis

The synthesis of Keggin polyoxometalates, as well as for other species, involves the reaction of metal
salts such as Mo0s*, WO4* and VO43 in water using acidic reagents such as HCl. The reaction is
carried out through a condensation reaction between two metal centers coordinated to OH ligands
which are formed by the addition of the acid. The condensation reaction continues adding metal-
oxygen to the structure until the highly stable electronic structure of the POM is reached. The
presence of the desired heteroatom in stoichiometric amount in the starting material leads to the
Keggin structure, and due to the electrostatic interactions, the cationic heteroatom occupy the

center of the MOg anions (Figure 13).%8%°
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1) O—h:/l—O —_—» 0O-M-0O-H
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Figure 13 : Synthesis steps of keggin POMs (general formula [XM1,040]"")

Lacunar and functionalized hybrid Keggin POMs can also be synthesized, in order to modify their

properties and increase their applicability in various fields.

LK-POMs consist of a Keggin-type polyoxometalate anion with one or more missing metal atoms,
resulting in a "lacuna" or vacancy in the cluster structure, entire and lacunar Keggin POMs are shown

in Figure 14. Their synthesis is a process that require a careful increase of the pH, and basically, it
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consists of treating the pristine Keggin POM with a base such as carbonate or hydroxide in water to
reach a pH range of stability of the desired lacunar species'®. The lacunar POMs possesses much

more nucleophilic oxygen atoms at the edges of the vacancies, as well as higher negative charge

compare to the pristine Keggin POM.

[XW 204" [XW; 0] [XW,0;,] 6>

- o+
pH

Figure 14 : Formation of lacunar Keggin POMs by increasing the pH in solution

These lacunar species, [XM11039]™*" or [XM9034]™*®", are particularly interesting because they allow
the incorporation of an organic tail to the POM structure, to form a functionalized hybrid Keggin

POM. Their nucleophilic oxygen atoms form bonds with an electrophilic organometallic compound

(Figure 15),102.102

CILM—R

(M = Ge, Sn)

Figure 15 : Synthesis of functionalized hybrid Keggin POM (General formula [XM1:039{M(R)}]"") (M=M)
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111.2.3 Properties of Keggin POMs

Keggin POMs exhibit a great variety of interesting properties that makes them attractive for several
applications. One of their most notable properties is their redox activity. They can undergo reversible
redox reactions (Figure 16), which makes them useful as electrocatalysts'® or a variety of reactions,
including the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER), redox
properties are also useful in the domain of molecular electronics!®. Their redox properties can be
tuned by substituting one or more metal center in the structure, as reported by Laurans et al.?®> for
the Keggin hybrid POM (TBA)4[PWsMo0,030{Sn(CsH4l)}]. Some POMs exhibit photoredox activities
which allows them to be used in the field of photochromic materials, as shown for the substituted
POMS K3:n[PW12-nVnOs0] (n =1, 2, 3) in the work conducted by Wang et al.*°®. Finally, their interesting
reversible redox states addition allows them to act as charge storage materials in electrochemical

devices'?’.

[FIITIII]I'III[III[IIIII

—_
o
I
l

-]
I
I

, Current/ uA

)
|
|

lIIIIIIIJIIIIIIIIIIIIIII

-1500 -1000 -500 0 500
Potential/ mV vs SCE

Figure 16: Cyclic voltammogram showing the multiple reversible redox states of functionalized Keggin POM
(TBA)4[PWsMo0,039{Sn(CeHal) }]20>

Keggin POMs that carries an H* counter-cations are also known for having high acidity, which makes
them useful in acid-catalyzed reactions'®1° They can act as solid acid catalysts for heterogeneous

catalysts for a variety of organic reactions such as C-C bond formation.!!

Concerning the magnetic properties of Keggin POMs, it arises from the presence of paramagnetic

metal centers, such as molybdenum or tungsten (when the POMs are reduced), in the Keggin
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structure. The paramagnetic centers have unpaired electrons, which give rise to a magnetic moment
and can interact with each other, leading to magnetic ordering or spin-dependent interactions. The
magnetic behavior of the POM depends on the metal center and its oxidation states, the number and
arrangement of paramagnetic centers in the structure, and the presence of counterions and their

nature.'*?

Some Keggin POMs show paramagnetic behavior due to isolated transition metals in the structure, as
shown by Rong et al.!®3® for the [PW1:039Ru(L)]* (with L = H,0, pyridine, dimethyl sulfoxide), while
others exhibit antiferromagnetic or ferromagnetic interactions between paramagnetic centers
resulting in magnetic ordering, we can cite for example the reported Keggin POM
{[Cu(phen)]2[SiM012040(VO)2]}* (Figure 17)14!5 |n addition, some Keggin POMs can display spin-
crossover behavior, where a change in temperature or pressure induces a transition between low-

and high-spin states of the paramagnetic centers (such as iron).!®

Figure 17: Structure of the {[Cu(phen)]2[SiM01,040(VO);]}* Keggin POM*1>

Thus, magnetic properties of Keggin POMs can be tuned by modifying the composition and structure
of the compounds. This versatility makes Keggin POMs attractive for a range of applications,

including as magnetic materials, catalysts, and sensors.
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I1l.3 — 2D organization of POMs at molecular scale on surface

Many attempts to organize polyoxometalates into thin films, monolayers and organized sub-
monolayer for various applications such as data and energy storage were conducted during these
past two decades!'’'1°, Based on the bottom-up approach and using POMs and several types of
other molecules as building blocks, this approach is the most commonly attempted and gave
generally positive results concerning the obtainment of thin films or monolayers on surface. Sub-
monolayers of POMs on surfaces however are less commonly reported, and even in the rare articles
were such systems are described, POMs are not enough organized on the surface or not
individualized, indeed, most of the works in this field report POMs forming small clusters of several
molecules randomly deposited on the surface, or individual POMs trapped in the defects of the
substrate without any periodicity or even organization. To this day, no work has reported a sub-
monolayer of POMs, individualized being isolated from each other, and at the same time organized

periodically on a surface.

One method to obtain a monolayer or multilayer film of POMs is to deposit them using the Langmuir-
Blodgett technique. Langmuir-Blodgett films was reported several times in the literature, one
example is the work done by Clemente-Ledn et al.'?°122 they made and characterized those films
using techniques such as surface pressure-area isotherm, infrared spectroscopy, X-ray diffraction and

cyclic voltammetry.

The use of layer by layer deposition is also a viable approach to make monolayer or multilayer film of
POMs on surface. The method is reported by Li et al.' were they succeeded to make a monolayer of
POMs on a substrate as well as GO (graphite oxide)-POM multilayers. Basically, they deposited first a
PEI (Polyethylenimine) film on different substrates (quartz glass, silicon and PET) by dip-coating in a
2.5 mg/mL PEI solution for 15 min, the substrate is then rinsed and dried and dip-coated again in a
soltion of H3[PW1,040] at 1 mg/ml during 15 min to form the monolayer of POMs. To make the POM-
GO multilayers, they dip-coated the previous substrate containing the monolayer of POMs in a
solution of 2 mg/ml PAH (Polyhydroxyalcanoate) followed by a subsequent 20 min immersion in a 0.3
mg/mL GO water solution, they repeated this dip-coating depositions of polymer and POMs to obtain
a thin film (Figure 18). It’s interesting to notice that the structure obtained by this layer by layer dip-
coating deposition rely on electrostatic interactions for the self-assembly. They fabricated then field

effect transistors based on this composite film and characterized them.
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Figure 18 : Layer by layer dip-coating deposition of GO-POMs to form composite thin film123

A different reported method for shaping POMs into a monolayer is to use a covalent grafting of
POMs on the substrate, this method requires several synthesis steps on the POM to functionalize it
with the desired terminal functions for the grafting, as it involves hybrid functionalized POMs. An
example of this technique is shown in the work of Laurans et al. The method is based on
functionalizing the POM itself with a carboxylic acid terminal function to graft it onto Si/SiO, flat
substrate to form homogeneous and flat monolayer'’ (Figure 19), other works using different types
of terminal functions on the POMs to graft them covalently on different substrates validate the use

of this approach.124-126
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Another approach using electrostatic interactions on substrate modified by grafting molecules is

reported??’-129,

The differences with the previous grafting method is that herein, the
functionalization is operated on the substrate by grafting molecules at its surface which present a
function able to be protonated to generate positive charges. POMs are then attached using
electrostatic interactions. Two ways to attach POMs electrostatically are possible, first, a ion
exchange between a POM and the surface can be done!%'%! second, as many of them can also be
obtained as an acid salt, they can be used directly to protonate the surface. An example of well
controlled monolayer using electrostatic interactions provided by a functionalized substrate is
reported by Dalla Francesca et al. A substrate of Au(111) is prepared by grafting ammonium alkane
chains, 6-Amino-1-hexanethiol hydrochloride, on the surface using the thiol function, the substrate is

then treated to adjust the ratio NH,/NHs* and POMs are deposited by deep coating the substrate in a

solution of 1 mM POM s in acetonitrile'*? (Figure 20).

]33_ NMp NHZ NH3'
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Figure 20 : Polyhedral representation [H7PsWa4501s4]?3~(color code:WOQs octahedra blue, PO, tetrahedra green) and

schematization (not atscale) of its electrostatic deposition onto a 8-amino-1-octanethiol (AOT)SAM. The POM has a wheel-
shaped structure with a diameter of ~2.0 nm and a thickness of ~1.0 nm. (b) AFM image of deposited layer of the POMs on

functionalized surface of Au(111) with the 8-amino-1-octanethiol3?

As it was shown by the different characterization techniques, these approaches give a thin film or a
monolayer of POMs on the surface without reaching the molecular individually organized system, in
the other hand, it is known that the design for single molecular memory devices have to respect
some very specific conditions, such as individualized addressable molecules avoiding collective effect

with neighbors'**13%, densely packed system in order to optimize the data storage density.!®

Other works were carried out to isolate POMs individually on a surface in order to probe the

properties of a single molecule, however it consisted to trap them randomly in the surface defects or
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in the break-junction set-ups'**38, An example we can cite is reported by Linnenberg et al.'* were
they managed to isolate Lindqvist functionalized POM (nBusN);[VsO13{(OCH;)3CCH,SCsHs}2] on a
surface of Au(111), taking advantage of its low charge to avoid the highly relevant problem of
agglomeration shown for example for the [V"V10V'g042(1)]>~ Dawson POM% by reducing the POM to
POM electrostatic interactions. However, even if they succeeded to individualise POMs on the
substrate, no organisation was reached and the POMs were randomly distributed, forming small

clusters located in different areas of the surface (Figure 21).

Figure 21 : STM image of (nBusN),[VsO13{(OCH,)3CCH,SCeHs},] on Au(111) (Sl ref. 139)13°

The rare attempts made in order to periodically organize POMs at a molecular scale and individually
isolated from each other on surface have failed'*°. Indeed, POMs tend to form aggregates because of
POM to POM electrostatic interaction in solution*! which make them difficult to assemble into
ordered structures, particularly at a molecular scale on a surface. One of the closest attempts to
build such material is the work reported by Lombana et al.1*° using a nanoporous template of self-
assembled organic molecules to help for the separation and individualization of the POMs, it
resulted by having two or three molecules per pore but it demonstrated the encouraging results and

the great potential of this method to reach this type of organization (Figure 22).
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Figure 22 : Controled grafting of functionalized POM on Au(111) using a template of self-assembled organic molecules
layeri4o

Another work reported by Zhang et al.}* likely show the organization of Ki;Na;H»[Ir2CigP2W2007,] and
Nag[HPWy034] POMs on HOPG through the use of a 2D network of self-assembled molecules on its
surface. However, in this article, the authors rely solely on STM images without analyzing the
apparent height of the two POMs to compare it between them or to the corresponding heights that
can be expected from each POM. Furthermore, they did not provide any chemical characterization of
the surface that could tend to show that these observed molecules are indeed the POMs. Taking in
account that one of the main limitations of STM is the chemical analysis, the self-assembly of POMs
reported in this study can only remain at the level of hypothesis. However, these promising results

show once more the interest of using a 2D template to induce the organization of POMs on surface.

Thus, during this project we will use the same method of functionalized substrates with templates

directing the organization of polyoxometalates.

IV - Surface patterning of self-assembled molecules into 2D networks

Self-assembly is a process where molecules spontaneously assemble into ordered structures without

external intervention®, it is a key point for the design and fabrication of molecular electronic
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devices, indeed, this process enables the creation of highly ordered and well-defined structures at
the nanoscale level, which is crucial for the development of high-density data storage devices**4>,
One important property of self-assembling molecules is the ability to form stable and well-defined
monolayers on surfaces which can act as templates for the deposition of additional layers or for the
incorporation of other molecules*®. Self-assembling molecules with specific functional groups can
also bind selectively to certain substrates, allowing for precise control over the assembly

process,147:148

Another important property is the ability to form multilayer structures with a high degree of order,
through layer by layer deposition methods such as drop-casting and dip coating. This allows for the
creation of complex architectures with precise control over the positioning and orientation of the
molecules, an interesting example of such self-assembled systems were reported by Brisse et al.}*
using first a conjugated self-assembly molecule 1,3,5-tris((E)-3,5-bis(dodecyloxy)styryl)benzene to
functionalize HOPG substrate forming a periodic nanoporous 2D network on its surface, then
secondly, adding a zinc phtalocyanine coordinated to a ligand (1-(pyridin-4-ylmethyl)pyrrole-2,5-
dione named L) with pyridine terminal function that occupy these nanopores, leading to a molecules
organized periodically on the surface (Figure 23). This example illustrates well the layer by layer self-
assembly process, involving different types of non-covalent interactions and allowing the fabrication
of complex structures on surface. These structures can be used to create well-defined pathways for

charge or spin transport, as well as the positioning and distribution of functions of interest on the

150

surface, which is essential for the development of molecular materials.

Figure 23 : Nanoporous monolayer of TSB3,5-C12 molecules after the addition, by drop-casting, of ZnPc-L complex
molecules, 200 nm 200 nm STM image at the air/HOPG interface in the current mode with 1.3 V and 12 pA as the sample
bias and tunneling current, respectively4?
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The self-assembly of molecules into 2D networks for surface patterning has been of great interest in
recent years due to its potential applications in fields such as electronics, optoelectronics, and

151-

sensing.’>™1>3 The recent advances in experimental techniques such as scanning tunneling

microscopy and atomic force microscopy have also enabled researchers to observe the self-assembly

1547136 This has allowed for a deeper understanding

of molecules into 2D networks at the atomic scale
of the intermolecular interactions that drive the self-assembly process and has opened up new

possibilities for the design of functional materials.

IV.1 - Molecular interactions of self-assembled systems

The mechanism of self-assembly is governed by a variety of intermolecular interactions, including
hydrogen bonding, van der Waals interactions, electrostatic interactions, and m-mt stacking
interactions®’. Each of these interactions can play a different role in determining the structure and
properties of the resulting structure shape. For example, van der Waals interactions can be used to
promote the packing of molecules into a dense ordered structure, while hydrogen bonding between
complementary functional groups can be used to direct the assembly of molecules into specific
patterns.®® The interactions involved in the self-assembly process are basically non-covalent, the
main ones can are hydrogen bonding, van der Waals forces, coordination bonding and electrostatic
interactions. They can be classed according to their strength (Figure 24), and they occur between the
same type and/or different molecules to give a large panel of shapes. In addition to the interactions
between the molecules, the molecule/substrate interactions are crucial as well for the self-assembly
process as it is a fine equilibrium between molecule-molecule interaction and molecule-substrate

interaction that leads to highly ordered molecular systems.

33



Eletrostatic” ©

Coordination binding"® * short-ranged
e T L T )
# long-rang
H-bonding® °
|

R non-direction

-1 staking” ©

—— Covalent® 0 directional
ﬁan der Walls" * < non-selective
Ll 1L 1 1 1 1
-t 1 1 1 ! 1 & irrersible
05 50 100 200 350 400

Strength (KJ/mol)

Figure 24 : Average range of strength of non-covalent interactions and their properties't®

More complex structures can also be obtained relying particularly on host-guest interactions, as
shown by several teams using molecules such as coronene, porphyrins, phtalocyanines...etc. as
guests, on host substrates composed of 2D self-assembled conjugated molecules leading to
nanopores on its surface!®183, The deposition of these molecules is made generally layer by layer, on
the clean virgin substrate a first self-assembling molecule is deposited to form the 2D network with
the nanopores, and then the desired molecule to trap inside the pores is deposited. The deposition is
generally done by drop-casting a highly diluted solution of these molecules in an organic
solvent.41% This principle of host/guest molecules can be used at every stage of material design,
allowing the bottom-up fabrication of high complex structure with a controlled molecular
arrangement. For instance, the porphyrin and phtalocyanine molecules previously used as guests can
then be used as host molecules using their metal center, such as zinc, to attach a new guest molecule

thanks to the formation of a coordination bond.4150.166

Understanding molecular interactions is crucial in designing and building self-assembling 2D
molecular systems. These interactions determine the shape and orientation of the individual
molecules in the system. The comprehension of these interactions will allow the design of molecules

that will assemble in specific ways to create a desired structure or pattern.
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IV.1.1 Hydrogen bonds

Hydrogen bonding is a fundamental chemical interaction that plays a crucial role in self-assembling
processes. It occurs between hydrogen bonded to an electronegative atom such as oxygen or
nitrogen and another electronegative atom carrying a free pair of electrons. They are generally
represented by dotted lines and are weak bonds relatively to covalent ones, the energy required to
break the OH covalent bond (the bond dissociation energy) is about 464 ki/mol, while comparatively,
the energy required to break an O---H hydrogen bond is about 21 kJ/mol, so less than 5% of the

energy of a real covalent bond.

Hydrogen bonds are directional;'®”:1%8 it means that it is alighed in the axis of the valence bond that is

associated with it. For example, in water, the three atoms O, H and O forming the hydrogen bond are
aligned. This property allows to have very well defined molecular architectures, as in ice or in water
at short distance, or in biological molecules such as proteins, or DNA whose two strands are linked
together by hydrogen bonds (Figure 25). This property is also involved during self-assembling

processes and participates into the orientation and shape of the final structure.
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Figure 25 : Diractional hydrogen bonds between proteins contributing to give its shape to DNA69

IV.1.2 nt-it stacking

For the self-assemblies of conjugated molecules on surface, m-mt stacking is the preponderant
interaction. It is non-covalent attractive interaction involving i bonds of aromatic rings and allowing

them to stack together. Typically, the separation between the two stacked molecules is 0.34 nm. The
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ni-stacking can occur in either eclipsed or displaced arrangement, in the case of a dimer stacking a
slight displacement between the two molecules is generally preferred to avoid electron repulsions,
as shown in Figure 26, the attraction occur between the sigma framework of one molecule and the t

electrons of the other.'”°

Benzenes sandwich
or eclipse stacked

Benzenes displaced stacked

repulsive attractive

interaction interaction

Figure 26 : Schema attractive and repulsive interactions in stacking of two benzene molecules (a) eclipsed stacking (b)
displaced stacking’?

In the case of the stacking between two different molecules, the eclipsed stacking could be
preferred, for instance, for a benzene ring substituted with electronegative atoms such as fluorine

the polarity of the ring is reversed and the eclipsed stacking is favored as shown in Figure 27.172

attractive
interaction

M ==m===T

repulsive
interaction

Benzene and hexafluorobenzene
eclipsed stacking

Figure 27 : Schema of the favored eclipsed stacking interactions between benzene and hexafluorobenzenel’?

As the interaction relies on overlapping of p orbitals in m-conjugated systems, its strength increase as

the number of m-electrons increases, thus, highly conjugated flat polycyclic aromatic hydrocarbons
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such as pentacene, coronene or phtalocyanines exhibit strong m-stacking effect. This property plays a
crucial role in various parts of supramolecular chemistry, allowing molecules to form organized mono
or multilayers by mt-stacking on the surface of substrates such as graphene or gold, rather than to be
randomly distributed on the surface. However, the orientation of the molecules ones they are n-
stacked depend mostly on the intermolecular interactions, such as hydrogen bonding as we it was
described previously, or Van-der-Waals interactions, that gives these highly organized and periodic

distribution.

IV.1.3 Van-der-Waals forces (VdW)

Van-der-Walls forces are attractive interactions and the weakest among non-covalent ones. They are
from electrostatic origin and are a combination of three forces resulting from different effects,
Debaye, Keesom and London forces, the resulting VAW force operate at very short range!. Their
strength varies proportionally to the equation 1/R? while it’s 1/R? for electrostatic forces, with R the
distance between the two atoms. Typically, the energy range of VdW forces vary between less than 1
kj.mol? to 4 kj.mol?, making the dissociation of the molecules easy and giving flexibility to the

system.

The main role of VdW forces in the self-assembly process is the ordering and cohesion of alkyl
chains!’®, for instance, in 2D assemblies they control the structure and phase transitions in the

system as shown by Gao et al.}’%.

IV.1.4 Electrostatic interactions

Electrostatic interactions, also referred to as ionic bonding, are short-ranged, non-selective and the
strongest non-covalent interactions (see Figure 24). They occur between two oppositely charged
molecules. The strength of the ionic interaction depends on the charges of the molecules, and it can
be determined by a measure of the lattice energy of the compound. In general, the energy of
electrostatic interactions varies from hundreds to thousands kj.mol?, though, as these interactions
are not directional, even with this remarkably high energy and strong stability in solid state, the ionic
bond can be easily interrupted or broken in some solvents such as water or ionic liquids. This
versatility makes electrostatic interactions interesting for the conception of mechanically robust and

chemically reversible supramolecular materials.
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Electrostatic interactions are widely used in self-assembling processes, in a specific branch of
supramolecular chemistry called ionic self-assembly (ISA), for the conception of structures such as

t17¢ and polyelectrolytes'’”. In 2D self-

self-complementary peptides!’®, self-assembling surfactan
assemblies on surfaces, these interactions are mostly used to attach inorganic molecules and form

thin films or monolayers, in particular for POMs deposition on the surface.'’®

IV.1.5 Coordination bonding

For coordination bond, the electrons are provided entirely by one of the two involved atoms, in
contrast, for a covalent bond, the pair of electrons is equally shared between the two involved
atoms. Coordination bonds are formed between a Lewis acid such as a transition metal and a Lewis
base, a molecule able to donate at least one pair of electrons and called ligand. The Lewis acid, metal
or ion, occupy a central position and the ligands surround it. Several ligands can be coordinated to

the same metal or ion to create a coordination sphere and form complexes with various geometries.

Coordination bonds are generally weaker than covalent or ionic ones, their bonding energy varies

between 60 to 300 kJ.mol?, making them stronger than other non-covalent interactions’.

In self-assembly, coordination is used in several reported works to synthesize supramolecular
materials, mostly for metal organic frameworks!’9, but also to attach molecules on functionalized
surfaces with highly organized and periodic disposition'*981, One example of the use of coordination
for self-assembly on surface is reported by Li et al.2®® where they studied the coordination of 1, 3-di
(4-pyridyl) propane to a zinc phtalocyanine pi-stacked on surface. They made an organized self-
assembled structure through a layer by layer drop casting process, starting by the deposition of 2, 6,
11-tricarboxydecyloxy-3, 7, 10-triundecyloxy triphenylene (asym-TTT) on HOPG to have a first 2D
patterned substrate. They added by drop-casting zinc phtalocyanine (ZnPc) in toluene to have dimers
adsorbed in the anisotropic rearrangement of the asym-TTT supramolecular network, then they
drop-casted the 1, 3-di (4-pyridyl) propane to coordinate it to the ZnPc on surface as shown in Figure

28.
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Figure 28 : (a) Schematic illustration of the formation of ZnPc/dipy-pra coordination (b) STM image showing assembled

structure of asym-TTT/Zn-Pc (42.2 nm x 42.2 nm, Iset = 198.4 pA, Vbias = 600.0 mV) .(c) STM image showing entirely
assembled structure of asym-TTT /Zn-Pc/dipy-pra system after the dipy-pra molecule was added (37.9 nm x 37.9 nm,
Iset =247.1 pA, Vbias = 1037 mV)166

Thus, coordination bonding has already demonstrated a great potential to self-assemble and

organize molecules even in the particularly tricky field of surface chemistry.

1V.1.6 Host-guest approach

Host-guest systems stand apart from molecular interactions as described earlier. Yet, their existence
hinges precisely upon these interactions. These systems hold immense significance in the realm of
supramolecular 2D assemblies, offering the capability for meticulous, highly ordered, and periodic

molecular-level organization on surfaces.'®

Basically for 2D assemblies, the surface confined host-guest systems have drawn much attention,
they are built by patterning substrates using self-assembling molecules that leads to periodically
distributed nanopores, amongst them we can cite the porous networks made of the triangular

phenylene-ethynylene macrocycles (DBA)'3, the hydrogen-bonded porous hexagonal network
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formed by benzene-1,3,5-tricarboxylic acid (TMA)*®*, and the honeycomb network formed by the
1,3,5-tris((E)-3,5-bis(alkoxy)styryl)benzene (TSB).18

These systems were used to trap several types of molecules with this host-guest interaction in their
nanopores to organize them periodically on the surface. Indeed, inside of these pores the substrate is
exposed, acting as a host and allowing some specific molecules to pi-stack on it acting as guests.
Amongst these guest molecules we can cite planar molecules such as polycyclic aromatic
hydrocarbons compounds (coronene, pentacene...etc.), porphyrins, phtalocyanines and their

derivatives and 3D molecules such as fullerene and its derivatives.

One example of this host-guest system is reported by Plas et al.1%

in this work they have first
patterned an HOPG substrate using a boroxine-based covalent organic framework to have a 2D
nanoporous network on the surface. Fullerene is then added on the surface of this substrate and act

as a guest molecule spontaneously occupying the nanopores as shown in Figure 29.

Figure 29 : STM image of the boroxine based covalent network exhibiting nanopores on the surface of the substrate (left)
(Vbias =-0.600 V, Iset = 0.06 nA) and STM image of the substrate after deposition of Cso molecules that occupy the
nanopores (right) (Vbias = -0.900 V, Iset = 0.02 nA)8¢

IV.2 - HOPG for bottom-up molecular patterning

One of the most widely used substrates for 2D self-assemblies is HOPG (highly oriented pyrolytic
graphite)®®71%°_ |t is a carbon substrate produced by the pyrolysis of a highly ordered graphite crystal

under controlled conditions. The resulting material has a highly ordered surface structure, with a flat
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surface and regularly spaced graphite layers oriented perpendicular to the surface®. The ordered
surface structure of HOPG arises from the anisotropic growth of the graphite crystal during pyrolysis,

which results in the alignment of the graphene layers in a particular direction (Figure 30).

Figure 30 : STM image of the surface of HOPG (left), and scheme of its structure (right)1%?

The surface of HOPG is characterized by a high degree of structural perfection, with a low density of
defects and a high degree of atomic flatness. The flatness of the HOPG surface make it an ideal
substrate for the self-assembly of molecules, as it allows for precise positioning and alignment of the
molecules on the surface. It also presents a good chemical stability, meaning that it does not react
with most chemicals or biological molecules. This stability allows for long-term experiments, and
makes it a privileged substrate for use under ambient conditions. In addition to its structural

193 which makes it an ideal

properties, HOPG is also characterized by its electrical conductivity
substrate for electronic applications. The conductivity of HOPG arises from the highly ordered nature

of its surface structure, which allows for efficient charge transport across the surface.

Basically, the 2D self-assemblies of aromatic compounds on HOPG relies mainly on m-stacking
interactions, then to induce an organization or orientation for the molecules on the surface, long
alkyne chains can be incorporated to increase the distance from a molecule to another and VdW
forces act to stabilize and organize them. Functions such as carboxylic acid, alcohol and amines can
also be incorporated to the molecules to bind them to each other through hydrogen bonds and
induce a specific arrangement.'*>'% This remarkable versatility can produce in theory infinite number

of nanopatterns on HOPG by tuning the molecular building blocks.%>-18
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IV.3 - Self-assembly of tris-styrylbenzene (TSB) molecules and its derivatives on

HOPG

Aromatic compounds are a widely studied class of molecules for self-assemblies, notably on HOPG
substrates, to form 2D networks'®*16>19 They present many interesting properties for surface
functionalization, amongst them, their high surface area organization, pore size and shape selectivity,
various 2D patterns networks, and electronic and optical properties. Particularly, tris-styrylbenzene
(TSB) molecules and its derivatives have attracted a lot of attention for these reasons?®°-2%%, TSB are a
class of aromatic symmetrical molecules composed of three phenyl rings attached through a double
carbon-carbon bond to a central benzene in the positions 1,3,5 (Figure 31 (a)). The molecule can be
tailored with many functions either on the central benzene and/or on the terminal phenyl groups to
modify its electronic, structural and self-assembling properties.?’* Herein, we will particularly focus
on the 1,3,5-tris((E)-3,5-bis(alkoxy)styryl)benzene derivatives of TSB molecule, noted TSB-3,5 with n =
8, 10, 12 (Figure 31 (b)).

1,3,5-tri((E)-styryl)benzene 2

(2) 3

Figure 31 : (a) Schema of tris-styrylbenzene molecule (b) schelma of 1,3,5-tris((E)-3,5-bis(alkoxy)styryl)benzene with R =
CgH17, Ci0Hz1, C12H2s

The method of deposition consists of drop casting a highly diluted solution of TSB in toluene on a
freshly cleaved HOPG substrate, the solvent is then allowed to evaporate at ambient conditions. The
STM images are then either made directly on air, or a solution of phenyloctane is dropped on the
sample surface and STM images are made at the liquid/solid interface. STM images made in these
conditions (ligid/solid) exhibit a better quality. Indeed, the solvent used (phenyloctane in this case)
should have a high boiling point (262 °C for 1-phenyloctane) to remain on the surface during the

entire experiment and ensure to perfectly insulate the STM tip and the surface from any molecules
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present in air that could disturb the imaging process by interacting with the STM tip. However, the
deposition of such solvent that has high boiling point could be problematic for the sample, in the
case for example where another layer of molecules needs to be added after the imaging. The method
is reported in several works using TSB self-assemblies.’®>2%5 Another original technique to form a
monolayer of self-assembled TSB molecules on HOPG was reported by Bléger et al. consisting in
immersing the STM tip in a droplet (10 pl) of 10 mol.L? solution of TSB in toluene and to approach
the tip to a substrate of HOPG wetted with phenyloctane, imaging is then carried at the liquid/solid

interface.'®

The supramolecular arrangement of TSB-3,5 molecules on HOPG shown by STM forms large areas of
highly organized 2D network, the molecule appear on the surface as a small triangle forming two
different structures, honeycomb (or hexagonal), and herringbone structure (Figure 32). The
arrangement of the molecule depends on several parameters including the temperature,
concentration of the deposited solution. An example of the parameters driving the arrangement of
TSB-C3,5 is reported by Bellec et al. They have shown that a deposition of TSB-C3,5-C12 on a cooled
substrate (12°C) leads to poor organized network, then after heating this substrate for 30 min at 60
°C, a herringbone network is formed. But, when the same TSB-C3,5-C12 (same concentration) is
deposited directly on HOPG at 60 °C, honeycomb arrangement is obtained. These results show that
temperature certainly play a role in the organization of tht TSB-3,5-C12, but the final arrangement
depend on growth history as well.?® The length of the alkoxy chains is also important for the
arrangement of the TSB-C3,5. Indeed, it is reported that for 8 and 10 carbons, the molecules forms
mostly honeycomb network. At 12 carbons or at 14 carbons the self-assembling tends to form

herringbone networks much more easily.?%*

<100> HOPG

Figure 32 : STM image of the two different organizations of TCB-3,5 on HOPG, left herringbones and right hexagons (or
honeycomb) (Vbias =—970 mV, Iset = 14 pA)?%0
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The length of the alkoxy chains can be modified. As mentioned, TSB molecules for self-assemblies are
synthesized with chains of 8 up to 14 carbons, allowing shaping the size of the nanopores of the 2D
network by increasing or decreasing the distance between 2 molecules in function of carbon chains
length as shown in Figure 33 and table 1. This ability to control the sizes of the pores makes the
substrate functionalized with this molecule tunable to selectively trap and organize molecules of
various sizes. Nevertheless, it's important to observe that the network's stability is influenced by the
length of these alkoxy chains. Specifically, the stability ranges from 8 to 14 carbons; beyond or below

this range, the network's stability is impacted, resulting in significantly less organized areas.?*

Figure 33 : Scheme of the pore formed by self-assembled TSB network showing the two sizes d1 and d2 of its hexagonal
shape?04

Table 1 : Dimensions of the pores in function of the number of carbons in the alkoxy chains (length of the chains)2%*

8C/chain 10C/chain 12C/chain 14C/chain
d1(nm) 1.05 1.47 1.89 2.32
d2(nm) 1.39 1.88 2.37 2.86

Different domains of orientation are also noticed (Figure 34). These domains depend for example on
the disposition of the molecule on the surface, that is induced by the nucleation and growth of the of
the network on the surface after the deposition by drop casting.?** Indeed, the number of domains

observed right after the deposition reflects the number of nuclei formed before the substrate is fully
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covered. Therefore, after some time ripening effect tend to homogenize these domains reducing

their number.2®

Figure 34 : Different domains of self-assembled TSB-3,5 induced by the orientation of the molecule on HOPG (Vbias = 1.1V,
Iset = 20 pA)2%3

TSB-3,5 was used as functionalizing molecule for HOPG substrate for the conception of
supramolecular materials. Its interesting properties and its versatility allowed this molecule to be
used to organize several molecules with various (coronene, phtalocyanines...) sizes on the surface of

patterned HOPG substrate,149:150.165,181,185

V — Purpose of this thesis

Herein, our objective is to organize polyoxometalates on a surface, as a monolayer of molecules
separated from each other with a periodic distribution. Our goal is to reach a system where POMs
are disconnected from each other and from the substrate, and at the same time densely packed on
the surface, in order to be able to address them individually without disturbing the other neighboring
molecules on the network. To do so, we will have to overcome many challenges, starting with the

POM to POM interactions that tend to form aggregates.'*
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Another critical point is the characterization of our samples at the molecular scale, indeed, the
detection of the presence of POMs on the surface of a substrate alone do not allow affirming that
the molecules are highly organized. To be able to prove it, many characterization techniques will be
needed, and it will be the combined results of all these techniques that will definitely give an answer

about the organization of POMs.

To achieve our objective, we will use different approaches based on a substrate functionalized with
organic molecules to form a 2D network on its surface. This template will help to induce the periodic
organization of POMs. Thus, different strategies will be investigated, using coordination and

electrostatic bonding, as well as nt-stacking interactions to attach POMs on our substrate.

During this work, we will use two different approaches to try to organize POMs periodically on
functionalized HOPG substrate. In chapter I, we will try to drive POMs into the nanopores formed by
the self-assembly of TSB, and to do so, functionalized hybrid Keggin POMs will be synthesized and
anchored to molecules that will serve to drive them into the nanopores. In chapter Ill, we will
synthesize a new molecule that self-assemble on HOPG based on the model of TSB-3,5 to try to
attach pristine Keggin POMs periodically on the fuctionalized HOPG substrate patterned with this
new molecule using electrostatic interactions. Various and original characterization techniques will

be used to probe our samples at different scales.
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CHAPTER II: Organization of hybrid POMs with the help of anchor molecules

In this chapter, the method attempted to arrange POMs is by linking them to planar molecules
(through a coordination or a covalent bond), which would act as anchors to position them precisely
on the surface. A modified substrate consisting of HOPG is employed, featuring a self-assembled
molecule known as 1,3,5-tris((E)-3,5-bis(dodecyloxy)styryl)benzene, referred to here as TSB-Cn,
where 'n' is the number of carbon atoms in the alkoxy chains. This molecule is a derivative of TSB and
has previously been documented in literature for its ability to form 2D networks with pores on HOPG
surface, as shown in chapter |. The goal is to utilize these periodic pores as hosts for the
polyoxometalates. To achieve this, functionalized hybrid Keggin POMs are synthesized and linked to a
phtalocyanine or a pyrene by coordination or covalent bond respectively, that will play the role of

anchor to guide the POMs into the pores on the surface of the substrate.

| = Hybrid POMs with a phtalocyanine anchoring group

Due to its ability to form a coordination bond, and to occupy the pores formed on the surface of
HOPG by the self-assembled TSB molecule, zinc phtalocyanine (ZnPc) is selected to fulfill the role of
an anchor molecule®, and as such, the TSB-C12 derivative is employed to functionalize HOPG. The
diameter of the hexagonal pores created by this derivative on the surface, estimated at 2.37 nm?*
(cf. chapter 1), offers enough space to host the ZnPc molecule with the anchored Keggin POM, and
ensure a good separation between the molecules to obtain isolated POMs from each other. This
template should enable a periodic arrangement and the desired separation between individual POMs

on the surface.

I.1 — Preparation of the functionalized TSB-C12/HOPG substrate and organization of
ZnPc

To functionalize HOPG substrate, TSB-C12, synthesized in the polymer team of our laboratory by Dr.
Lydia Sosa-Vargas, is solubilized in toluene with a concentration of 10* mol.L and 10 pl of this
solution are drop-casted on the surface of freshly cleaved HOPG to obtain a full coverage of the
substrate. Indeed, theoretical calculations give a concentration of 3.4*10° mol.L? for the formation

of a full monolayer on 1x1 cm? of the substrate (the area approximately covered by 10 pL of
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solution), but experimental studies show that rather, a concentration of 10* mol.L? is needed for a
full coverage, and this due to the formation of multilayers and some aggregates. Details about
theoretical and experimental concentrations for a full coverage rate can be found in the appendix. To
prevent rapid solvent evaporation and to facilitate the self-assembly of molecules, the sample is
covered for approximately 5 minutes. Following this, images of the surface are made using STM
under ambient conditions, showing the formation of the expected nanoporous 2D network (Figure
35). This modified substrate will henceforth be referred to as TSB-C12/HOPG. STM images obtained
during this thesis are made at the From Molecules to Nano-objects: Reactivity, Interactions and

Spectroscopies (MONARIS) laboratory of Sorbonne University in collaboration with Dr. Imad Arfaoui.

OC3Hzs

Drop casting of
TSB-C12 in toluene

Ci2Hz50

Ci2H250 OCi12Hz2s

TSB-C12 Pore formed in the
center of the hexagon 6 molecules
forming hexagone

Figure 35 : (top) Scheme of the deposition and self-assembling of TSB-C12 on HOPG, (down) STM image (150 nm x 80 nm?)
of the self-assembled TSB-C12 on HOPG with 3 groups of 6 molecules surrounded by a black circle and the pores on their
center shown by a blue dot (Vbias =1V, Iset = 20 pA)

The deposition of the ZnPc is made in a second step. First, 2 mg of the molecule are solubilized in 2
mL of chloroform, and the resulting solution is stirred overnight. Afterward, the solution is
centrifuged and filtrated using a 0.2 um porosity filter, and the ZnPc saturated solution is obtained,

named here after ZnPc.sat. The ZnPc.sat solution is then diluted 500 times and 15 uL are drop casted
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on the surface of the TSB-C12/HOPG substrate. The theoretical calculations for a full coverage of
ZnPc molecule in the pores (appendix) have shown an amount of 15 puL of a solution with a
concentration of 1.96*10° mol.L’Y. Given the concentration of the ZnPc.sat solution in chloroform
calculated at 7.35%10* mol.L? (see part 1.2.2), the concentration of the 500 times diluted solution
deposited on HOPG substrate is 1.47*10° mol.L, which is slightly close to the theoretical results.
This sample will be referred to as the ZnPc-TSB-C12/HOPG substrate. Typical STM image is reported
in Figure 36 (down).
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Figure 36 : (top) Scheme of the ZnPc occupying the pores on the surface of the TSB-C12/HOPG, (down) STM image (150 nm x
125 nm) of the self-assembled TSB-C12 on HOPG (Vbias = 1.3 V, Iset = 18 pA)

It shows that ZnPc spontaneously occupy the pores of the 2D network formed by TSB-C12 on HOPG,
thanks to host/guest interactions driven by the pi-stacking of the ZnPc on the HOPG surface exhibited
inside the pores, as it is illustrated by the scheme in the same Figure 36 (top) describing the assembly

of the molecules on the surface of HOPG.
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The aim of this approach is to take advantage of this spontaneous periodical arrangement of the
ZnPc, by making it an anchor to a POM to guide it into the pores of the TSB-C12/HOPG substrate. To

do so, a functionalized Keggin POM will be linked to the ZnPc molecule through a coordination bond.

1.2 — Preparation of the TBA[KM°(pyr)]-ZnPc complex in solution

The first step consists of the synthesis of the functionalized POM that will be anchored to the ZnPc
through a pyridine terminal function. Keggin POM is chosen due to its size that allows fitting one
POM per pore and ensuring them to be separated on the surface, as explained in the beginning of
chapter Il. Furthermore, this POM and its derivatives are widely used in our team?'’:2%:297 gnd its
synthesis and characterizations are well mastered. Keggin POMs are also widely studied by several
other teams around the world, providing well documented data available in the literature. The
molybdate Keggin POM is used in particular, due to its more accessible reduction potential®® that

makes it more attractive for redox characterizations on surface.

The functional group incorporated to the POM consists of a linear organic tail composed of two
aromatic rings. A phenyl ring linked to the POM through a tin atom, and a pyridine terminal ring.
These two aromatic rings are tied by a triple carbon-carbon bond that ensures a strait and rigid
shape, and the nitrogen of the pyridine group is positioned on para position of the C=C triple bond.
The counter ions of the POM consist of four tetrabutylammonium cations (TBA). Its general formula

is TBA4[PM011035{Sn(C13HsN)}] and its schema is shown in Figure 37.
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Figure 37: Scheme of the functionalized hybrid molybdate Keggin POM TBA4[PMo011039{Sn(C13HsN)}]
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1.2.1 — Synthesis of the pyridine terminated hybrid POM TBA[KM°(pyr)]

The first step of the synthesis of the TBA4j[PMo01:039{Sn(Ci3HsN)}] POM, named here after
TBA[KMO(pyr)], consist of the preparation of the lacunar species TBAs[PMo01,040]. The pristine 12-
phosphomolybdic acid Hi;PMo01,040 is solubilized in water, treated with lithium carbonate to adjust
the pH and form the lacunar derivative. An excess of tetrabutylammonium bromide (TBABr) is then
added and the TBA4[PMo01:035] precipitate. The product is purified by a slow recrystallization in
acetonitrile to obtain a sufficiently pure product for the following steps. The functionalization of this
lacunar molybdate POM is done under argon atmosphere using ClsSn(CgHa)l and freshly distilled
triethylamine in dry acetonitrile, to obtain the TBAs[PMo011035{Sn(CsH4)I}] intermediate. The final
step consists of a Sonogashira coupling reaction of the functionalized TBAs[PMo011035{Sn(CsH4)I}] POM
with 4-ethynylpyridine under argon atmosphere in dry DMF, and in the presence of triethylamine.

The schema of the synthesis is shown in Figure 38.

(H) (\)\ Li,CO;, TBABr
—_—
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Figure 38 : Scheme of the synthesis of the functionalized Keggin POM with pyridine terminal function
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The final product is analyzed by NMR *H and 3!P in CDsCN, and it appeared on NMR *H that a part of
the POMs charges is compensated by triethylammonium (about 0.5 eq of EtsNH* and 3.5 eq of TBA)
Ieading to the Et3NHo,sTBA3‘5[PMO11O39{Sn(C13H3N)}] POM (Figure 39)
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Figure 39 : Scheme of the EtsNHo sTBAs.5|PM011039{Sn(C13HsN)}] POM and NMR H spectra obtained after the first
purification steps showing the prensence of the triethylammonium (red circle)

In order to eliminate the EtsNH" and to replace it by TBA counter ions, the use of an ion exchange
Amberlite™ resin enriched with TBA cations is first attempted. The POM was solubilized in
acetonitrile and treated over the resin during 30 min. The NMR H shown a successful elimination of
the triethylammonium counter ions, but also a protonation of the pyridine function through a
modification of the shape of the doublet at 8.63 ppm, attributed to the protons on alpha of the
nitrogen atom, becoming wider with an overlap between the two peaks. This protonation is
problematic as the aim is to coordinate this pyridine function to the ZnPc through the free doublet of
its nitrogen atom. Also, the NMR 3!P shows a degradation of the POM (apparition of a second peak)
(Figure 40).
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Figure 40 : NMR H (top) and 31P (down) before (right) and after (left) treatement of the
Et3sNHo.5sTBA35[PMo011039{Sn(C13HsN)}] POM on the ion exchange resin with the scheme of the POM showing the affected
protons by the protonation of the pyridine group

Another way is then used to eliminate

the EtsNH* and avoid the protonation of the pyridine. The

TBA[KM°(pyr)] was solubilized in acetonitrile and 0.25 equivalent of tetrabutylammonium hydroxide

(TBAOH) are added to the solution. The mixture is stirred during 5 minutes and a large excess of

diethyl ether is added to precipitate the POM. The product is dried and checked by NMR *H and 3!P in

CDsCN (Figure 41).
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Figure 41 : NMR H (right) and 31P (left) of the TBA[KM°(pyr)] after treatment with TBAOH, the red circles shows the
elimination of EtsNH* and the clear doublet of the protons on alpha of the nitrogen atom, showing the absence of
protonation

The NMR shows the removal of EtsNH* by the TBAOH, the hydroxide deprotonated the
triethylammonium forming triethylamine and water, and the TBA cations replaced the EtsNH* as
counterions. The NMR 3!P shows also the presence of one single peak meaning that the POMs were

not degraded. All details of the synthesis can be found in the appendix.

1.2.2 — Complexation of the TBA[KM°(pyr)] to the zinc phtalocyanine

To form the TBA[KM°(pyr)]-ZnPc complex, both molecules have to be solubilized in the same solution.
Moreover, coordinating solvents such as DMF have to be avoided in order to allow the pyridine of

TBA[KM°(pyr)] to coordinate the ZnPc without being in competition with the solvent.

ZnPc molecule is soluble in non-polar and low polarity solvents. Measurements of its solubility have
been done in non-coordinating solvents such as toluene, chloroform and dichloromethane, using UV-

visible and Beer Lambert law.

Saturated solutions were prepared by putting 2 mg of ZnPc in 2 ml of each one of the three solvents,
and the solutions are stirred overnight. The mixtures are then centrifuged and filtrated using a 0.2
um filter, and diluted 150 times. UV-visible measurements are done on each one of the solutions

(Figure 42).
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Figure 42 : UV-visible of ZnPc in dichloromethane (black) toluene (red) and chloroform (blue)

The concentration of the three solutions was estimated as following

A= exl*xC
o A
T oexl

With A: the absorbance, €: the molar absorption coefficient, |: the optical path length and C: the
concentration.

With | = 0.5 cm and & (ZnPc) being arround 281800 L.molt.cm™,2% the concentration in the cuvette
(Cew) is then estimated and the concentration of the saturated solution (Csat) can also be
approximated by multiplying C.. by 150.

The results are reported in table 2.

Table 2 : absorbance, concentration of ZnPc in the cuvette and saturated concentration of ZnPc for each toluene,
dichloromethane and chloroform

solvent A Cew(mol.L?) Csat(mol.LY)
Toluene 1.28 9.08*10° 1.36*103
Dichloromethane 0.99 7.03*10° 1.05*10°3
Chloroform 0.69 4.90*10° 7.35*%10%
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These results show that ZnPc molecule has higher solubility in toluene, followed by dichloromethane
and the weakest one in chloroform. The preparation of a ZnPc solution in chloroform according to
the procedure described in I.1 give an amount of ZnPc in 15uL in accordance with the theoretical

calculations for a full coverage.

In contrary to the ZnPc, the hybrid POM TBA[KM°(pyr)] is soluble in polar organic solvents only, such
as acetonitrile, DMSO, DMF...etc. but not soluble in either toluene, dichloromethane or chloroform.
Thus a binary solvent will be necessary in order to solubilize both the POM and the ZnPc. Besides,
another important parameter for the choice of the solvent is the ebullition point. Indeed, to allow
the molecules to self-assemble on the surface the evaporation time of the solvent must be controlled

and not excessively quick.

Given these parameters, a binary solvent composed of acetonitrile, that poorly or don’t coordinate
the ZnPc; and chloroform, that has higher ebullition point than dichloromethane and allow to
solubilize a sufficient quantity of ZnPc is used. The rate of this binary solvent is fixed at 30/70 for
acetonitrile and chloroform respectively, to afford a good solubility to the POM. Toluene could not
be used as the solubility of the POM in a solvent containing toluene is really low, and by increasing
the amount of acetonitrile to improve it, the solubility of ZnPc is impacted. Note that a binary solvent
made of dichloromethane and acetonitrile 70/30 respectively can be used for certain
characterizations in solution, but for depositions on surface chloroform is preferred due to its lower

volatility.

A UV-visible spectrum of the ZnPc in a binary solvent is performed to determine its saturated

concentration and compare it with its maximum concentration in pure chloroform (Figure 44).
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Figure 43 : UV-visible spectroscopy of ZnPc in binary solvent composed of acetonitrile/chloroform (30/70)

A saturated solution of ZnPc is prepared in the binary solvent acetonitrile/chloroform (30/70) and
diluted 25 times before using for UV-visible measurements. The concentration of the saturated
solution is calculated as previously, with a cuvette of 1 cm length rather than 0.5 and the maximum
absorbance at 1.53. The concentration obtained is C = 1.4*10% mol.L, wich is sufficient for the

solutions that will be used for NMR characterizations, and for deposition on surface.

Before the deposition of the coordinated POM to the ZnPc on the functionalized substrate, it is
necessary to probe the formation of this compound in solution, in conditions as similar as possible to

the ones used for the deposition. To do so, NMR and UV-visible are used.

1.2.2.1 — NMR *H characterizations

To probe the formation of the coordination bound between the POM and the ZnPc, NMR tubes are
prepared in the binary solvent composed of deuterated acetonitrile/chloroform 30/70. In the first
tube, 2 mg of TBA[KM°(pyr)] (0.67*10°3 mmol) are solubilized in 150 pL of CDsCN and 350 pL of CDCls
are added. The NMR H spectrum is done with a 600 MHz apparatus.

0.6 mg (1.04*10° mmol, 1.55 equivalents) of ZnPc are then partially solubilized in 30 pL of CDCl; and
added to the previous NMR tube containing the TBA[KM°(pyr)] then NMR H is performed.
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A last NMR tube is prepared with 0.6 mg of ZnPc firstly solubilized in 350 uL, and secondly 150 pL of
CDsCN are added. The tube is passed to the 600 MHz apparatus to perform the NMR H and serves as

a blank tube containing the ZnPc alone in the binary solvent.

The three NMR *H spectra are shown in Figure 44.
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Figure 44 : NMR 1H of TBA[KMe(pyr)] (red), ZnPc-TBA[KM°(pyr)] complex (green) and ZnPc (blue) in CD3CN/CDCls (30/70 in
volume). Magnified peaks on the green spectrum show the differences on the spectrum of the ZnPc-TBA[KV°(pyr)] complex
compare to the spectrum of the ZnPc alone (blue circles), to the spectrum of TBA[KM°(pyr)] alone (red circles)

The proton NMR of the ZnPc, TBA[KM°(pyr)], and both molecules in the binary solvent show
interesting results. An effect on the two multiplets of the ZnPc (9.32 ppm and 8.04 ppm, blue
spectrum in Figure 44) is noticed when it is in presence of the TBA[KM°(pyr)] (blue circles in Figure
44). A decrease in the intensity of the ZnPc peaks and an overlap of their signal is noticed (green
spectrum in Figure 44), while the signal of these peaks in the tube containing only ZnPc molecules
(blue spectra in Figure 44) is more intense and the multiplets clearly visible with four peaks each.
Moreover, a shift is noticed for these peaks passing from 9.30 to 9.32 ppm for the more deshielded

peak, and from 8.02 to 8.04 for the less deshielded.

For the signal of TBA[KM°(pyr)], a more important effect is noticed in the presence of ZnPc. An
important overlap accompanied with a collapse of the doublet attributed to the protons on alpha

position of the nitrogen atom (cf. Figure 39) is shown, with a significant shift of its position from 8.39
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ppm for TBA[KM°(pyr)] alone in the binary solvent (red spectrum in Figure 44) to 8.31 ppm for
TBA[KM°(pyr)] + ZnPc (green spectrum in Figure 44). The doublet attributed to the protons on beta
position to the nitrogen atom of TBA[KM°(pyr)] (cf. Figure 39) is also affected with an overlap, a little
collapse, and a shift of its position from 7.22 ppm (Figure 44 red spectrum) for TBA[KM°(pyr)] to 7.20
ppm (Figure 44 green spectrum) for ZnPc + TBA[KM°(pyr)].

These results tend to demonstrate qualitatively the formation of the complex in solution, by an effect
noticed on both TBA[KM°(pyr)] and ZnPc while the molecules are solubilized in the same solvent, with
the closest protons to the nitrogen atom (cf. Figure 39) of TBA[KM°(pyr)] being the ones particularly

affected.

This NMR characterizations allowed to demonstrate qualitatively the formation of the TBA[KM°(pyr)]-
ZnPc complex, showing particularly that the functionalized POM coordinate the ZnPc through the

nitrogen atom of its pyridine function.

1.2.2.2 — UV-visible characterizations

For UV-visible characterizations, a saturated solution of ZnPc in dichloromethane is prepared, and its
concentration calculated using Beer Lambert law. Dichloromethane is used because of the POM that
exhibit a slightly better solubility in this solvent compared to chloroform. A solution of 2 mg of
TBA[KM°(pyr)] in 1 ml of acetonitrile is prepared and used to add equivalents of POM to the ZnPc

solution. The formation of the complex is then followed by UV-visible spectroscopy (Figure 45).

59



H 2
2nPec < I A
ZnPe « Jeq POM A ZnPC ~
233+ ZnPe + b
nbe + Tog POM ZnPc + 3eq POM
vav 4 ZnPe « Geq POM
, TS > Gaabol ZnPc + 5eq POM
-] \ ZnPe + 200q POM 1,51 ——— ZnPc¢ + 7Teq POM
" N ZnPc¢ + 9eq POM
N 1 ZnPc¢ + 13eq POM
8- . ZnPc + 17eq POM
u;s ; a;' % :): v ;v: 2 v;‘, 1.0 - Ssm—" ZnPC + 20eq POM
Wavelength (nm)
3
<
D30 o ZnPe
ZnP¢ + 30q POM
] | hm e /
ZaPe » Dog POM 0.5
20 4 ZnPe + 130q PON 7
2nPc + 1Teq POM /
| ZnPe + 200 POM / /ﬂ\ ¥
015 4 P
| 3 —
b10. / ~
| ; . ,
| 0,0 —
pos 4 ' T v T
i i i 600 700
g = 2  Woveisags tam Wavelength (nm)

Figure 45 : UV-visible spectroscopy of ZnPc in dichloromethane with addition of equivalents of TBA[KM°(pyr)] in acetonitrile
(up to 20 eq) showing the apparition of two isobestic points at around 600 nm and 692 nm

The UV-visible spectrum obtained in Figure 45 shows two isobestic points at 600 nm and 692 nm,
after the addition of TBA[KM°(pyr)] into the ZnPc solution. The presence of these isobestic points
demonstrate the existence of an equilibrium in solution involving two species, the POM
TBA[KMO(pyr)] and the ZnPc. We have shown by NMR !H that the bond formed between these two
molecules involve the nitrogen atom of the pyridine function of TBA[KM°(pyr)], that coordinate the

zinc of ZnPc.

To ensure that these isobestic points are due to the coordination of the TBA[KM°(pyr)] and not to the
acetonitrile, a blank is made by adding volumes of pure acetonitrile to a ZnPc solution equivalent to
the previously added volumes containing the TBA[KM°(pyr)]. The UV-visible spectra are shown in

Figure 46.
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Figure 46 : UV-visible spectra of a solution of ZnPc in dichloromethane with the addition of volumes of acetonitrile
equivalent to the volumes added in the experiment fig.46 containing the TBA[KM°(pyr)], with a zoom on the areas where
isobestic points appeared previously (cf. Figure 46)

Interestingly, the blank UV-visible spectra Figure 46 show no isobestic points, confirming that their
apparition (cf. Figure 45) is due to the formation of the complex TBA[KM(pyr)]-ZnPc shown in Figure

47 (left) is demonstrated.

Figure 47 : Scheme of the TBA[KM°(pyr)] coordinated to the ZnPc named here after TBA[KM°(pyr)]-ZnPc
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The data of UV-visible spectroscopy Figure 45 allowed the estimation of the equilibrium constant of
the formation of the TBA[KM°(pyr)]-ZnPc complex by using the Hill equation at around 5*103 as well
as the stoichiometry of the complex that is composed of one ZnPc and one TBA[KM°(pyr)]. The details

of the calculations can be found in the appendix.

In this chapter, the aim is to deposit the TBA[KM°(pyr)] linked to the ZnPc on TSB/HOPG substrate. It
is expected that the ZnPc will drive the TBA[KM?(pyr)] into the pores, to have periodically organized

distribution of POMs on the surface as shown in Figure 47 (right).

1.3 — Deposition of the complex TBA[KM°(pyr)]-ZnPc on TSB/HOPG substrate

Two solutions of ZnPc-TBA[KM°(pyr)] complex are prepared in the binary solvent CH3CN/CHCls (30/70)
with 0.2/1 and 2/1 equivalents of TBA[KM(pyr)]/ZnPc, respectively. The protocol of the preparation
of these solutions can be found in the appendix. Adding 0.2 equivalents of the POM to the ZnPc
solution would allow to see the difference between pores occupied by the ZnPc and pores occupied
by the complex TBA[KM°(pyr)]-ZnPc. While adding two equivalents of the TBA[KM°(pyr)] would allow
to push the equilibrium toward the formation of the complex and have the majority of the pores
occupied by it. This solution of TBA[KM°(pyr)] and ZnPc is then diluted 20 times in the binary solvent
to obtain the TBA[KM°(pyr)]-ZnPc.dil2, and 15 pL of this solution are drop casted on TSB/HOPG

substrate, the sample is covered to allow the solvent to evaporate slowly.

1.3.1 — STM characterizations

The samples prepared are imaged by STM under ambient conditions.

1.3.1.1 — Sample with 0.2 equivalent of TBA[K"°(pyr)]

The first samples imaged are made with 0.2 equivalents of TBA[KM°(pyr)] vs. ZnPc. The sample is first

imaged on several areas after the deposition of TSB to ensure the homogeneity of the 2D network
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formed on surface. Then, the complex is deposited and the sample is imaged. The images obtained

are compared to the ZnPc-TSB/HOPG sample that is used as a reference (Figure 48).
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Figure 48 : STM images and apparent heights profile of ZnPc-TSB/HOPG sample (top) and ZnPc-TBA[KM°(pyr)] (solution 0.2
eq of TBA[KMe(pyr)]) on TSB-C12/HOPG sample (down) (100 x 100 nm?) (Vbias = 1V, Iset = 20 pA)

The STM images show no evidence of the organization of TBA[KM°(pyr)]-ZnPc in the pores, with no
difference between the sample prepared with the complex (Figure 48 down) and the blank sample
prepared with ZnPc (Figure 48 top), with the same apparent heights in both samples. The ratio 0.2
equivalent of TBA[KM°(pyr)] and 1 equivalent of ZnPc didn’t allow to see any difference between the

different molecules occupying the pores.
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1.3.1.2 - STM Imaging of the sample with 2 equivalents of TBA[K"°(pyr)]

Given these results, the amount of the TBA[KM°(pyr)] was increased to two equivalents relatively to
ZnPc in order to promote the formation of the complex TBA[KM°(pyr)]-ZnPc, and 15 pL of this solution

are deposited on TSB/HOPG substrate and imaged by STM (Figure 49).
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Figure 49 : STM image of sample made of ZnPc-TBA[KV°(pyr)] (solution of (with 2 eq of TBA[KM°(pyr)]) drop casted on TSB-
C12/HOPG substrate (100 x 100 nm?) (Vbias = 1.1 V, Iset = 20 pA)

Except for the filling rate on the surface, slightly lower in this case, the images obtained with the
excess of TBA[KM°(pyr)] in solution are similar to the ones obtained previously using a solution with
an excess of ZnPc. The sample shows also no difference with the blank sample in terms of the shape
or heights of the molecules filling the pores on surface. No evidence of the organization of

TBA[KM°(pyr)]-ZnPc complex according to the template used can be highlighted.

Despite the STM imaging using various parameters of the current and the tension on the samples
with 0.2 and 2 equivalents of TBA[KM°(pyr)], no difference appeared compared to the reference
sample with ZnPc only. In order to push the equilibrium further toward the formation of the ZnPc-
TBA[KM(pyr)] complex, the deposition method is changed. The method consists of preparing a
sample of ZnPc-TS-C12/HOPG and to deposit a concentrated solution of TBA[KM°(pyr)] to form the

coordination bond on surface rather than in solution.
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1.3.1.3 — Step by step deposition of the ZnPc-TBA[K"°(pyr)] complex

As the deposition of the complex in solution seems to have failed, a new deposition method to
organize the TBA[KM°(pyr)] on the surface of the functionalized HOPG is used. This method consists of
preparing a substrate of ZnPc-TSB-C12/HOPG, then 15 L of a solution of TBA[KM°(pyr)] with various
concentrations (from 2.89*107 mol.L? to 3,36*10* mol.L) are deposited on this substrate in a
binary solvent of acetonitrile/chloroform (30/70 respectively). The aim is to form the coordination
bond between the TBA[KM°(pyr)] and the ZnPc on surface rather than in solution. This method allows
to reach a large excess of TBA[KM°(pyr)] relatively to the number of ZnPc occupying the pores, by
depositing a concentrated solution of POM. The STM image made with a sample where 15 pL of
TBA[KMO(pyr)] at 3,36*10* mol.L? in the binary solvent acetonitrile/chloroform (30/70 in volume) are

deposited on the ZnPc-TSB/HOPG substrate is shown in Figure 50.

Z[A]

Figure 50 : STM image of sample made of TBA[KM°(pyr)] deposited on ZnPc-TSB-C12/HOPG substrate by drop casting in
acetonitrile/chloroform (30/70 in volume) (100 x 100 nm?) (Vbias = 1.3 V, Iset = 20 pA)

Indeed, the sample exhibit the same STM image and apparent heights as for the previous method,

and still, no evidence of any organized deposition of TBA[KM°(pyr)] is shown.

1.3.1.4 — Discussion

The results of the different deposition methods tried in order to organize the hybrid POMs show no

evidence of the expected organization on surface (cf. Figure 47). Indeed, the POMs remain “invisible”
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by STM, the signature of individual POMs couldn’t be observed at any area on the surface. Several

hypotheses are suggested to explain these results.

The failure of the TBA[KM°(pyr)]-ZnPc to occupy the pores can be explained by the different affinities
of the ZnPc linked to the TBA[KM°(pyr)] and the free ZnPc to fill these pores. Indeed, the formation of
the complex TBA[KM°(pyr)]-ZnPc in solution happens through an equilibrium, and if the free ZnPc has
a better affinity toward the host/guest interactions with the pores on surface. The equilibrium will be
displaced toward the formation of the free ZnPc molecules as it occupies the pores on of the
functionalized substrate (Figure 51), until these ones will be completely filled by the free ZnPc
molecules. Moreover, and that is why the step by step method is not conclusive. The TBA[KM°(pyr)]
as well as the remained TBA[KM°(pyr)]-ZnPc complex in solution will form aggregates due to cation

driven electrostatic POM to POM interactions.'*

Another hypothesis is that the ionic compound TBA[KM°(pyr)]-ZnPc complex occupy the pores of the
functionalized TSB-C12/HOPG substrate as expected. However, due to the interactions of the STM tip

210 3ssociated to

generated by the huge electric field of several GV.m™ during the scanning process
the weakness of the POM-ZnPc bond, the TBA[KM(pyr)] are torn off from the ZnPc pedestal, which

for their part remain in the pores.

Additionally, the STM's scanning area is limited to 700 x 700 nm?, with the largest scanned regions
enabling to distinguish single molecules sufficiently on the surface being only around 400 x 400 nm?.
This small area might hinder a complete understanding of how the POMs are spread out on the

surface. To get a clearer picture of their distribution, a wider scanning area is necessary.
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Figure 51 : Scheme of the competition between the free ZnPc and the ZnPc-TBA[KM°(pyr)] to occupy the pores
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To conclude on these experiments and understand the system and its limitations, verifications of
these hypotheses are needed. One obvious solution that can be provided consist of improving the
strength of the bond between the TBA[KM°(pyr)] and the anchoring molecule, by using a direct
covalent bond for example. But first, there is a fundamental question that needs addressing
regarding this TBA[KM°(pyr)]-ZnPc system: how is the TBA[KM°(pyr)] distributed on the sample's
surface? Thus, other characterization techniques will be needed. AFM, for example, would allow to
have images of a larger scale of the surface, that could bring important information about this
system. But this technique as well as STM has its own limitations like getting chemical information of
the surface. Even if films could be observed at micrometer scale on the surface, it will not be possible
to have a molecular resolution (with our setup) of their organization. In order to obtain as much
usable information as possible, the experiment has to be methodic, proceeding by the deposition of
the molecules step by step and comparing the images before and after the deposition of each layer

of molecules.

1.3.2 — AFM characterizations

The first AFM images are made on HOPG substrate freshly cleaved, to see its aspect before

depositing the layer of TSB-C12 (Figure 52).

Z[nm]

Figure 52 : AFM image of HOPG substrate (right) with height profile (left) (10 x 10 um?)
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The AFM images on HOPG show as expected, large flat terraces with some steps and defects created
by the cleavage (Figure 52). The substrate exhibits minor variations of heights of 2-3 nm. This

substrate will be used then to deposit the layers of TSB, ZnPc and the complex TBA[KM°(pyr)]-ZnPc.

1.3.2.1 - AFM images of deposited TSB-C12 on HOPG substrate

TSB-C12 solution was prepared (10* mol.L') and deposited on HOPG substrate as described

previously. The substrate was imaged by AFM on several areas (Figure 53).

Z[nm]

Figure 53 : AFM image of TSB-C12/HOPG substrate (right) and heights profile (left) (10 x 10 um?)

The surface of the substrate after deposition of TSB-C12 presents some aggregates that can reach 10
nm height, that are assumed being formed by the excess of TSB-C12 molecules drop-casted on the
surface (cf. part I.1 of this chapter). The molecule cannot be clearly distinguished on the flat zones on
the image, but due to the STM images that have shown a complete coverage of the surface on many
different areas of the substrate, it is assumed that the molecule follows the shapes of HOPG forming

a layer on the surface.

These aggregates could have been insignificant given their number and their size, but as the aim is to
deposit other layers and to be able to distinguish between the molecules on the surface, they could
be problematic and confusing. Thus, the substrate was washed by several methods (drop casting 300
uL of toluene on the surface of tilted substrate or immersing it for 30 seconds to 1 hour into toluene)
to get rid of these TSB aggregates. Figure 54 shows an AFM image of the substrate TSB-C12/HOPG
after immersion in toluene for 10 min.
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Figure 54 : AFM image of TCB-C12/HOPG substrate after 10 min immersion in toluene (right) and heights profile (left) (10 x
10 um?)

The washing operations didn’t give the expected result of removing the aggregates of TSB-C12 on the
surface, as shown in Figure 54, the substrate still present aggregates of about 10 nm height.

1.3.2.2 - AFM imaging of ZnPc deposited on TSB-C12/HOPG substrate

Despite the presence of the TSB-C12 aggregates, ZnPc is drop casted on the surface of the substrate,

in the same conditions as described previously, and the sample is imaged by AFM (Figure 55).

Z[nm]

Figure 55 : AFM images of ZnPc-TSB-C12/HOPG (right) with height profile (left) (10 x 10 um?)
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The images obtained after the deposition of ZnPc (Figure 55 right) show the formation of a thin film
on some areas on the surface, that has a height of around 5 nm (Figure 55 left). This film is present all
over the sample surface with different coverage rates, with no big aggregates of ZnPc molecules
found on the surface. One hypothesis is that ZnPc molecules pi-stack on each other on the surface
forming these layers with a remarkable homogeneous thickness. The sample still presents the typical
aggregates found after the deposition of the TSB, but due to the limitation of this technique (no
chemical information), it is not possible to know if they are exclusively composed of TSB-C12 or if

ZnPc form some aggregates as well.

1.3.2.3 — AFM images of the TBA[K"°(pyr)]-ZnPc complex deposited on TSB-C12/HOPG substrate

A substrate of TSB-C12/HOPG is prepared and imaged by AFM before and after deposition of TSB-
C12 on HOPG. TBA[KM°(pyr)]-ZnPc complex is then drop casted on the surface of this substrate
according to the conditions described previously for STM imaging, with 0.2 equivalents of
TBA[KM°(pyr)] relatively to ZnPc. These conditions with an excess of ZnPc in solution should avoid the
presence of a big quantity of free TBA[KM°(pyr)], that could form aggregates on the surface by
pushing the equilibrium toward the formation of the TBA[KM°(pyr)]-ZnPc. The sample is then imaged

by AFM and a typical image obtained is shown in Figure 56.

Z[nm]

Figure 56 : AFM image of TBA[KM°(pyr)]-ZnPc complex drop casted on TSB-C12/HOPG substrate (right) and height profile
(left) (10 x 10 um?)
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The images obtained (Figure 56, right) show the formation of big aggregates on the surface of the
sample, with heights over than 100 nm (Figure 56, left), making AFM imaging difficult as it is shown
on the sides of the big aggregate at the bottom of the image in Figure 56 (right). The behavior of the
complex is thus very different from ZnPc alone, which tend to show that the TBA[KM°(pyr)]-ZnPc form

aggregates rather than to be guided into the pores on surface by the ZnPc.

1.3.2.4 — Images of TBA[KV°(pyr)] deposited on TSB-C12/HOPG substrate

In order to see if the deposition of the TBA[KM°(pyr)] is affected by its coordination in solution to the
ZnPc, a solution of TBA[KM°(pyr)] in the binary solvent CH3CN/CHCls (30/70), with the same
concentration as the solution deposited previously, is prepared. 15 uL of this solution is drop casted
on the surface of a functionalized substrate TSB-C12/HOPG, imaged by AFM before and after the
deposition of the POM. The aim is to see the distribution on surface of the free TBA[KM°(pyr)] and to

compare it to what was obtained by depositing the complex (Figure 57).

Znm|

Figure 57 : AFM image of TBA[KMe(pyr)] deposited by drop casting on TSB-C12/HOPG substrate (right) with a heights profile
(left) (10 x 10 um?)

As shown in Figure 57 (right), the sample gave similar images as the ones of the TBA[KM°(pyr)]-ZnPc
complex, with many aggregates showing heights over 50 nm and up to 120 nm. The fact that no
differences are observed in AFM between the sample with TBA[KM°(pyr)] alone, and the sample with
the TBA[KM°(pyr)]-ZnPc complex tend to demonstrate that the organization of the functionalized

POM on surface is not affected by its complexation to the ZnPc.

71



1.3.2.5 — Discussion

The results obtained by AFM give important information. Indeed, it is shown that the surface of the
substrate remains globally flat with aggregates of maximum 15 nm heights when TSB-C12 and ZnPc
are deposited and self-assembled on HOPG. But when the complex TBA[KM°(pyr)]-ZnPc is deposited,
much bigger aggregates are formed, with heights over than 100 nm, as it is observed with the
TBA[KM°(pyr)] alone. This result tends to confirm the hypothesis that POMs are not driven into the
pores by the ZnPc and form aggregates on the surface of the functionalized substrate. This could be
explained by the POM to POM interactions in solution, which maintains the POMs together even if
they are complexed to ZnPc, forming aggregates of complexes and/or free POMs on the surface. This
effect prevents POMs to be separated and go into the pores individually. Another parameter that
certainly helps to form aggregates is the low affinity between the TBA[KM(pyr)], an ionic inorganic
molecule, and the HOPG surface composed of non-polar carbon layer. This low affinity makes the
POMs form aggregates when they are drop casted on the surface, to minimize their contact surface
with HOPG. Nevertheless, the limitations of our AFM don’t allow obtaining a molecular resolution of
the layers between the aggregates. As a result, the hypothesis of the deposition and organization of
the TBA[KM°(pyr)]-ZnPc between the aggregates, in the flat areas of the sample, remains possible. In
this case, the formation of aggregates could be due to the excess of the molecules deposited on the
surface compared to the available pores. Another limitation of the AFM is the impossibility to get
chemical information about the aggregates observed on the surface. Even though the
characterization techniques tend all to converge to the aggregation of the POMs, a definite proof is
still needed to be able to close this chapter. To be able to get such chemical information,
spectroscopic techniques would be for a great help. But to probe a monolayer on surface and at the
molecular scale, a particularly sensitive technique will be needed. During my thesis, | had the chance
to have an access to a particularly interesting technique, that allows to have such precise and
localized probe and to give the answer about the organization of this TBA[KM°(pyr)]-ZnPc on TSB-
C12/HOPG system. This technique is the infrared nanospectroscopy, also known as AFM-IR. The
characterizations with AFM IR were performed at the University of Paris Saclay, in the laboratory of

Physical Chemistry, at the infrared laser center (CLIO) in collaboration with Dr. Alexandre Dazzi.
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1.3.3 — AFM-IR characterizations

The AFM-IR is a sensitive technique that combines an atomic force microscope with an IR laser
probe. This technique allows taking an IR spectrum on a very localized area on the sample selected
on the AFM image. Moreover, it generates a surface map at a chosen IR wavelength, brightening all

molecules exhibiting vibrational modes (IR bands) at that specific wavelength on the image.

1.3.3.1 — AFM-IR principle

AFM-IR, also called PTIR for Photo Thermal Induced Resonance, is a nanoscale infrared measurement
technique developed during these two last decades. The first paper on AFM-based infrared
spectroscopy was reported by Hammiche et al. in 19992!! where they recorded infrared absorption
spectra of polymeric samples by detecting photothermally induced temperature fluctuations at the
sample surface, demonstrating that it is possible to reach high spatial infrared resolution. In 20012*2
they obtained the first probe-based infrared spectrum with a pulsed laser, but without reporting any
image. AFM-IR nanoscale imaging using a pulsed laser was first reported by Dazzi et al. at the
University of Paris-Sud in France. They first introduced the concept of AFM-IR in a publication in

2005.213

The technique works by using an infrared laser to locally heat up the sample surface underneath the
AFM probe. As the sample heats up, it expands, causing the probe to deflect. By monitoring the
deflection of the probe, the thermal expansion of the sample can be measured. The deflection of the
probe is directly related to the absorption of the infrared radiation by the sample, providing
information about its chemical composition. As the sample heats up, it also emits thermal radiation,
including infrared radiation. By scanning the sample with the AFM probe while simultaneously
measuring the infrared absorption, AFM-IR can generate nanoscale-resolution chemical maps of a
sample's surface. It enables the identification and localization of different chemical species within a

sample, even at the nanometer scale including monolayers and single molecules.?4-%18

AFM IR measurement consists of performing an AFM image with a gold coated silicon tip with an IR
laser of about 1 mm diameter focused at the base of the AFM tip. Usual AFM images are obtained,
including a topography image. In addition, by fixing the wavelength of the IR apparatus at a chosen
value, generally at a known band of the probed molecule, an IR mapping of the surface is obtained

where all the molecules possessing a band at this wavelength are brightened on the surface. The
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resolution on the x and y axis on the IR absorption map is limited by the AFM tip deconvolution.

Typical AFM IR analysis and a scheme of the apparatus are shown in Figure 58.

A - AFM image B- IR image @ 3025 cm
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Figure 58: AFM-IR measurements of a 100% acrylonitrile butadiene styrene (ABS) polymer sample. (A) AFM topographic
image. (B) AFM-IR absorption map with the IR source tuned to 3025 cm™, corresponding to a strong styrene absorption. Red
arrows point to regions of high PS concentration. The yellow arrows indicate softer regions corresponding to higher PB
content.?19 C) schematic drawing of experimental AFM-IR setup?1?

Several series of measurements were performed on the system TBA[KM°(pyr)]-ZnPc on TSB-
C12/HOPG. The AFM-IR spectra obtained are systematically compared to IR spectra of the
corresponding molecule (TSB, ZnPc, TBA[KM°(pyr)]) made by FTIR technique (using KBr crystal). The
range of the wavelength measured by AFM-IR is from 900 cm™ to 1900 cm™, thus, the FTIR spectra is

reduced to this range as well.

1.3.3.2 — AFM-IR first series of measurements

The first series of AFM-IR measurements were carried out by taking IR spectra on various spots of
AFM images (aggregates, flat areas, multilayer areas) of four samples: HOPG substrate, TSB-
C12/HOPG functionalized substrate, ZnPc-TSB-C12/HOPG sample and the complex TBA[KM°(pyr)]-
ZnPc on TSB-C12/HOPG sample. The spectra obtained are compared to the FTIR data of the

molecules, as shown in Figure 59.
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Figure 59 : (left) IR spectra of the superposed AFM-IR spectra made on HOPG (black) TSB-C12/HOPG substrate (green) ZnPc-
TSB-C12/HOPG sample (blue) and TBA[KM°(pyr)]-ZnPc on TSB-C12/HOPG (red). (right) FTIR spectra of TSB (green), ZnPc
(blue) and TBA[KM°(pyr)] (red)

The spectrum obtained on HOPG substrate by AFM-IR (Figure 59 left) shows the presence of two
small peaks at about 1095 and 1200 cm™. It is worthy to mention that the absorbance of the HOPG
spectrum is much weaker compare to the spectra obtained after the deposition of the different
molecules on the surface. This means that the signal of HOPG will not mask the signal of the other

molecules during the experiment.

The AFM-IR spectra of the samples after deposition of TSB-C12 and the addition of ZnPc alone or
TBA[KM°(pyr)]-ZnPc complex (Figure 59 left, green, blue and red spectra, respectively) show globally
the same features. One exception is the band at 1593 cm™ obtained on the spectrum of TSB-
C12/HOPG sample (Figure 59 left, green spectrum) and attributed to the band of TSB-C12 at the
same wavelength obtained by FTIR (Figure 59 right, green spectrum) resulting probably from the C=C
trans bond of the TSB-C12 molecule. This band it disappears after the deposition of ZnPc or
TBA[KM°(pyr)]-ZnPc on the TSB-C12/HOPG substrate (Figure 59 left, spectra blue and red,
respectively). Note that none of ZnPc or TBA[KM(pyr)] have been detected on the AFM-IR spectra.
The bands at 1378 and 1459 cm™ are attributed to the methyl rock and to the C—H scissoring of a CHs
group, respectively, and are generally present in almost all organic molecules.??® Bands that are
present on all spectra of AFM-IR except the HOPG and cannot be attributed are assumed to be
contaminations. Particularly, the intense large bands at 1018 and 1097cm™ (Figure 59 left, on the
red, green and blue spectra) probably mask a part of the IR signal of the studied molecules. Also, a
variation in the intensities and sometime the position of these contamination bands is noticed,
making the subtraction of this signal impossible. The source of this contamination appeared to be, at

least partly, related to the PDMS polymer which is found in the AFM tip storage boxes in which the
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latter are placed (Figure 60). The intensity of the bands also varies in function of the orientation of

the beam (that is optimized before each measurement on a new substrate).

110

100
920
80

70

Si-C-H

60

2963
C-H assym

50

Transmittance (%)

40 -

I 1246
0 sic > 1019

r Si-O
20 1 1 " 1 " 1 L 1 " 1 L | 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm_])

Figure 60 : FT-IR spectra of PDMS membranes.??!

1.3.3.3 — AFM-IR second series of measurements

Another series of AFM-IR measurements were performed, and to get rid of the PDMS signal, new tips
stored on metallic support are used. Additionally, reference samples are prepared, consisting of
freshly cleaved HOPG on which important quantities of TSB, or ZnPc, or TBA[KM°(pyr)] are drop

casted in order to increase the chances to get the signature of these molecules.

1.3.3.3.1 — Analysis of TSB-C12 on HOPG by AFM-IR

The first reference sample analyzed is that of TSB-C12, prepared by depositing on the HOPG
substrate a solution approximately 10 times more concentrated than what is typically used to
prepare a sample. The resulting spectrum was compared to the spectrum of TSB-C12 obtained by

FTIR spectroscopy (Figure 61).
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Figure 61 : Reference TSB-C12 on HOPG substrate sample measured by AFM-IR and compared to TSB-C12 FTIR spectrum (a)
Topography AFM image of TSB-C12 on HOPG with the yellow and green spots of the IR measurements (b) AFM-IR image of
TSB-C12 on HOPG with all spots of IR measurements(red, green, light and dark blue, yellow and white points) (c) AFM-IR
spectra of TSB-C12 on HOPG on the corresponding yellow and green spots on the AFM-IR image (d) FTIR spectrum of TSB-
C12 (IR source tuned to 1593 cm)

The spectra of the TSB-12 reference sample still show the presence of several bands that cannot be
attributed to this molecule, particularly the large intense bands between 1000 and 1200 cm™ (Figure
61 c). These bands are not related to the PDMS polymer and come from another source of
contamination. However, the band at 1593 cm™ corresponding to the most intense band of the TSB-
C12 in FTIR spectroscopy, and attributed to the stretching of the C=C trans bonds on the molecule as
well as to the C=C aromatic bonds,??>??* appear clearly. The bands at 1463 cm™ and 959 cm™ could
also be attributed to the TSB-C12 on this sample. An interesting point about the band at 959 cm™ is
the variation of its shape. When the IR spectrum is taken on an aggregate of TSB-C12, a double band
intense and thin (Figure 61 c, yellow spectrum) is detected. And when it is taken on a film of TSB-C12,
a single large band with a weak intensity (Figure 61 (c), green spectrum) is detected. On the FTIR
spectrum of the TSB-C12 in Figure 61 (d), the band at 961 cm, reported in the literature for a similar

molecule at 955 + 5 cm™ and attributed to the wagging vibration of the trans double C=C bond?*, has
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the shape of two overlapped thin bands. The difference of this band in AFM-IR between an aggregate
and flat film could be due to the different orientations of the TSB-C12 molecule. Indeed, within
aggregates, molecules are randomly oriented in space, but when they are pi-stacked on the surface,
they all share the same orientation relative to the infrared beam, and this can have an effect on the

intensity of the IR bands.?>722#

After the measurements on this reference TSB-C12 substrate, a sample prepared by drop casting 10
pL of a solution of 10* mol.L'! of TSB-C12 in toluene on HOPG freshly cleaved is prepared and
measured by AFM-IR (Figure 62).
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Figure 62 : TSB-C12 on HOPG substrate sample measured by AFM-IR and compared to TSB-C12 FTIR spectrum (a)
Topography AFM image of TSB-C12 on HOPG with the yellow and green spots of the IR measurements (b) AFM-IR image of
TSB-C12 on HOPG with all spots of IR measurements (c) AFM-IR spectra of TSB-C12 on HOPG on the corresponding yellow
and green spots on the AFM-IR image (d) FTIR spectrum of TSB-C12 (IR source tuned to 1593 cm™)
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On the topography image (Figure 62 (a)) flat films with a thickness of about 2~3 nm are observed.
More thick films are also noticed, with a thickness of around 5-6 nm on the yellow spot and around 8
nm on the green spot, that are assumed to be pi-stacked multilayers of TSB-C12. Some aggregates
are also observed, with a size of no more than 15 nm. The AFM-IR image (Figure 62 (b)) shows these
same films brightened, confirming their attribution to TSB-C12 molecule. Interestingly, the

aggregates are not brightened on the AFM-IR image.

The evolution of the bands attributed to the TSB-C12 molecule depending on the spot measured
(Figure 62 (c)) show that the band at 1593 cm™ evolve logically in terms of intensity depending on the
thickness of the layer measured. When the spectrum is taken on the purple spot Figure 62 (a) and
(b), where there is no apparent TSB-C12 on the surface, the band appears very weak as it is shown on
the purple spectra Figure 62 (c). Then, when a thin film of TSB-C12 is measured by AFM-IR (Figure 62
(a) and (b), blue spot) a clear band at 1593 cm™ appears. The intensity of this band increase then

logically when areas that seems to be multilayers of TSB-C12 are measured.

It is worth noting that the bands at 1465 cm™ and 963 cm™ did exhibit only a very small evolution
depending on the thickness of the TSB-C12 film measured. The origin of this signal still requires

further investigation, although it is certain that TSB-C12 plays a role in it.

1.3.3.3.2 — Analysis of ZnPC on HOPG and ZnPc on TSB-C12/HOPG by AFM-IR

After the results obtained for the TSB-C12/HOPG sample, a reference sample for the ZnPc molecule is
prepared by drop casting a concentrated solution of ZnPc in toluene (about 10 times the
concentration used usually to prepare the samples) on HOPG substrate without the presence of TSB-
C12. AFM-IR measurements are performed on this reference sample and compared to the FTIR

spectra of ZnPc (Figure 63).
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Figure 63 : ZnPc on HOPG substrate reference sample measured by AFM-IR and compared to ZnPc FTIR spectra (a)
Topography AFM image of ZnPc on HOPG with the spots of IR measurements (blue, green, yellow and purple on the layer
formed on the surface, and red on a flat area) (b) AFM-IR image of ZnPc on HOPG with spots of IR measurements (c) AFM-IR
spectra of ZnPc on HOPG on the corresponding spots on the AFM-IR image (d) FTIR spectrum of ZnPc (IR source tuned to
1650 cm™)

The topography image (Figure 63 a) show a flat surface with some aggregates and small films of

around 4~5 nm height. The aggregates as well as the layers on the surface of the sample are

brightened on the IR image of the surface.

Interestingly, the spectra show the presence of the band at 967 cm™ despite no TSB-C12 was
deposited on this sample. This shows that this weak band is not related to the TSB-C12. Still, the
intense thin double band at 949-959 cm™ detected on aggregates (cf. Figure 61 (c), yellow spectra)
continues to clearly align with that of the TSB-C12 molecule, detected on the FTIR spectrum (cf.

Figure 61 (d)), comforting the hypothesis that this band does not appear on the layers of pi-stacked
TSB-C12 due to orientation effects.

80



Concerning the ZnPc, a weak band detected by AFM-IR (Figure 63 (c)) at 1646 cm™ can be attributed
to the molecule. This band is also reported in FTIR spectrum (Figure 63 (d)) and is characteristic of
the C=N functions of the ZnPc and, more generally, in phtalocyanine molecules.??>%3° The intensity of
this band remains fairly constant on all the spots measured on the enlightened surface, showing its

presence with approximately the same amount on all these spots.

Notably, the band at 1598 cm™ is not detected by AFM-IR despite the absence of contamination band
at this wavelength, this can be explained by the orientation effect of the ZnPc that make this band

not visible.

To summarize, this measurement on the ZnPc reference sample allowed detecting one distinctive
band of the molecule at 1646 cm™. And also, it allowed showing that the weak large band at 967 cm™

is not related to the TSB-C12 molecule.

The next AFM-IR measurement is done on ZnPc-TSB-C12/HOPG sample that is prepared as described

in part Il.1. The resulting spectra are compared to ZnPc FTIR spectrum (Figure 64).
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Figure 64 : ZnPc-TSB-C12/HOPG sample measured by AFM-IR and compared to ZnPc FTIR spectrum (a) Topography AFM
image of ZnPc-TSB-C12/HOPG with the selected spots of IR measurements shown (b) AFM-IR image of ZnPc-TSB-C12/HOPG
with all spots of IR measurements (c) AFM-IR spectra of ZnPc-TSB-C12/HOPG on the corresponding selected spots on the
topography AFM-IR image (d) FTIR spectrum of ZnPc (IR source tuned to 1650 cm™)

The topography image (Figure 64a) reveals the presence of flat films with a height ranging from 3 to
5 nm and some aggregates measuring around 15 to 20 nm. Note that due to imaging issues, the films
and some aggregates appear darker than the flat areas. The AFM-IR image (Figure 64 b) enlightened

both the aggregates and the films, with more intensity observed on the aggregates.

AFM-IR measurements of ZnPc-TCB-C12/HOPG sample Figure 64 (c) show the spectra measured on

different spots (Figure 64 (a) and (b) green, red and purple spots). The band attributed to the C=N

bond of the ZnPc molecule at 1647 cm™, appear ones more on this sample.

The position and the intensity of this band are also in line with the spectrum of the molecule made

by FTIR. The remaining bands in the spectra cannot be attributed to either ZnPc or TSB-C12

molecules.
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1.3.3.3.3 — Analysis of TBA[KM°(pyr)] on HOPG and TBA[K"°(pyr)]-ZnPc on TSB-C12/HOPG by
AFM-IR

The last samples analyzed are the ones with the TBA[KM(pyr)] POM. A reference sample where 10 pL
of a solution of TBA[KM°(pyr)] at 3.36*10* mol.L is drop casted on HOPG substrate and analyzed by
AFM-IR. The spectra obtained are compared to the FTIR spectrum of the TBA[KM°(pyr)] (Figure 65).
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Figure 65 : TBA[KM°(pyr)] POM on HOPG substrate reference sample measured by AFM-IR and compared to TBA[KM°(pyr)]
FTIR spectrum (a) Topography AFM image of TBA[KV°(pyr)] on HOPG with the spots of IR measurements (b) AFM-IR image
of TBA[KMe(pyr)] on HOPG with spots of IR measurements (c) AFM-IR spectra of TBA[KM°(pyr)] on HOPG on the
corresponding spots on the topography AFM-IR image (d) FTIR spectrum of TBA[KM°(pyr)] (IR source tuned to 944 cm™)

As expected, the topography image (Figure 65 a) show that the TBA[KM°(pyr)] POM form aggregates
that reach 100 nm in height and several hundred nm in width on the surface of the HOPG (Figure 65

(a)). The AFM-IR image enlightens all these aggregates.
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The IR measurements reveal a clear signature of the TBA[KM(pyr)]. Indeed, only two bands are
missing in the spectra reported in Figure 65 (c) compare to the FTIR spectra of the molecule (Figure
65 (d)). The band at 1381 cm™, probably masked due to its weak intensity and its position near to the
wavelength IR lamp switch of the apparatus, it is attributed to the TBA cations, and the band at 1632
cm™ being one of the lowest intensity band of the molecule as shown by FTIR measurement (Figure

65 (d)), and attributed to residual H,O molecule vibrations.?3!

All other bands of the TBA[KM°(pyr)] are detected on AFM-IR (Figure 65 (c), yellow, red and purple
spectra). At 944 cm™ and 1062 cm™ these bands are typical Keggin POM bands related to (Mo-0) and
(P-0O) bonds, respectively.! The 1034 cm™ is typical P-O bond of lacunar Keggin POMs,*? and the
band at 1482 cm™ to the C-H bond of the TBA cations.?®3 and even the band at 1593 cm™ is detected,

attributed to the aromatic C=C bond ring.?®

The evolution of the intensity of these bands in function of the spot measured leaves no doubts
about the nature of the aggregate observed. Indeed, the yellow spot situated on a big aggregate in
Figure 65 (a) gives the yellow AFM-IR curve (Figure 65 (c)) with the most intense bands. And when a
smaller aggregate is measured, such as the purple spot on a medium aggregate and the brown spot
on a very small aggregate (Figure 65 (a)), the intensity of the peaks in the spectra obtained Figure 65
(c) decreases logically. Finally, when the measurement is made on a flat area on the surface, which is
the case of the blue spot in Figure 65 (a), none of the bands attributed to the TBA[KM°(pyr)] are

detected (blue curve Figure 65 (c)).

These results show that the technique is able to clearly detect the presence of the molecule even on
very small aggregates such as the one on the brown spot Figure 65 (a) that has a height of 3 nm. It
also shows that for the TBA[KM°(pyr)], the spectrum obtained by AFM-IR and FTIR spectroscopy are

similar.

After the TBA[KM°(pyr)] on HOPG AFM-IR analysis, a sample of TBA[KM°(pyr)]-ZnPc drop casted on
TSB-C12/HOPG is prepared. The solution of TBA[KM°(pyr)]-ZnPc used contains 0.2/1 equivalents of
TBA[KMO(pyr)] and ZnPc respectively. The sample is prepared as described in the Chapter 11.1 and
measured by AFM-IR. The spectra obtained are compared to the FTIR spectra of TSB, ZnPc and
TBA[KMO(pyr)] (Figure 66).
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Figure 66 : TBA[KM°(pyr)]-ZnPc on TSB-C12/HOPG sample measured by AFM-IR and compared to TSB, ZnPc and
TBA[KMe(pyr)] FTIR spectra (a) Topography AFM image of TBA[KM°(pyr)]-ZnPc on TSB-C12/HOPG with the green and purple
spots of IR measurements (b) AFM-IR image of TBA[KM°(pyr)]-ZnPc on TSB-C12/HOPG with all spots of IR measurements (c)
AFM-IR spectra of TBA[KM°(pyr)]-ZnPc on TSB-C12/HOPG on the corresponding spots on the topography AFM-IR image (d)

FTIR spectrum of TSB-C12, ZnPc and TBA[KMe(pyr)] (IR source tuned to 944 cm)

The topography image (Figure 66 a) shows aggregates formed on the surface with heights up to 100
nm. Due to imaging problems, the IR image obtained (Figure 66 (b)) is not significant in terms of
contrasts. However, the results of the AFM-IR measurements on the selected spots are significant
and show the presence of the TBA[KM°(pyr)] in the aggregates formed on the surface. The IR peaks of
TBA[KMO(pyr)] at 945 cm™®, 1034 cm™ and 1061 cm™ Figure 66 (c) are detected on the green spot of
Figure 66 (a) and (b) where the measurement is done on an aggregate. In contrary, when the IR
measurement is made on the purple spot Figure 66 (a) and (b) that correspond to a flat area, the

purple spectrum (Figure 66 (c)) where these peaks are not detected is obtained.

On the aggregate, ZnPc molecule is detected as well by the presence of its characteristic band at
1647 cm™™. The presence of ZnPc and TBA[KM°(pyr)] in the same aggregate tend to demonstrate the
aggregation of the entire TBA[KM°(pyr)]-ZnPc complex, but at this point, further investigations are

needed to confirm it.
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Low intensity bands are also detected around 1590 cm™ that are difficult to attribute due to the
presence of this signal in the three molecules, as shown in the FTIR spectra Figure 66 (d). The only
apparent band on flat films of TSB-C12 in AFM-IR situated at 1593 cm™ is probably included in this

signal.

Even though these results show that at this ratio, the TBA[KM°(pyr)] is not driven to the pores of the
TSB-C12/HOPG substrate but forms aggregates on the surface, the presence of the contaminations
makes the IR imaging difficult and hide a part of the information given by the technique. Thus, two
points still remains to be verified: the source of these contaminations, and the effect of the increase

of the amount of TBA[KM°(pyr)] in solution to reach 1 equivalent versus ZnPc.

1.3.3.4 — Determination of the origin of the contamination signal

As the contamination signal appears from the deposition step of TSB-C12 molecule, one of their
suspected source are the solvents. In order to verify it, freshly cleaved HOPG substrate is imaged and
measured by AFM-IR to be used as a reference sample. A volume of 10 uL of pure toluene usually
used as a solvent to deposit TSB-C12 is then drop casted on its surface and the sample is imaged and
measured. The same operation is done with CHCIs solvent used to deposit ZnPc or the TBA[KM°(pyr)]-
ZnPc complex on the functionalized substrate. The spectra obtained are then compared between

them, and to the spectrum obtained during the previous series of measurements (Figure 67).
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Figure 67 : (a) AFM-IR superposed spectra of HOPG (green), toluene on HOPG (red) and chloroform on HOPG (blue), (b) AFM-
IR spectra of the contaminations noticed during the first (purple) and the second (yellow) series of AFM-IR measurements

The spectra show that the measurement on HOPG exhibit only two bands at 1202 cm™ and 1733 cm?
(Figure 67 (a), green curve). The band at 1202 cm™ is reported in the literature as an OH bending of a
protonated carbonyl oxygen,?** while the one at 1733 cm™ belong clearly to a carbonyl function.

Thus, these two bands could be due to a slight oxidation of the surface of HOPG.

When toluene is deposited on the HOPG substrate, the spectrum reveals the presence of several
bands with high intensity (Figure 67 (a), red curve). The two classic bands of CH3 at 1375 cm™ and
1463 cm?, generally present in almost all organic molecules are detected.?® The use of toluene
certainly contributed significantly to the presence of these bands on the two previous series of AFM-
IR analysis, as shown in Figure 67 (b). The band at 1262 cm™ is attributed to stretching vibrations of
CHs and rocking, and to CH, wagging.2> %" For the band at 967 cm™ it is mainly attributed to an out-
of-plane bending vibration of trans —HC=CH- group,?*® which confirm the orientation effects that
explain why this band is not observed on the TSB-C12 films, but only on aggregates. The presence of

this band in toluene reveals the possible contamination of this solvent.

The large overlapped bands from 1033 to 1113 cm™, common for both toluene and chloroform
(Figure 67 (a), red and blue curves, respectively) could be attributed to C-C stretching for the first,2%

and C-H in plane bending for the second.?*°

The spectrum obtained after the deposition of CHCl; on HOPG substrate (Figure 67 (a), blue curve),

shows the presence of less bands. The spectrum is close to the one obtained on HOPG alone (Figure
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67 (a), green curve), the difference being the weak and large signal between 1033 cm™®and 1113 cm

discussed previously.

Note that the band of HOPG (green curve Figure 67 (a)) is not detected on both other samples where

chloroform and toluene are deposited.

These results demonstrate that unlike chloroform, the use of toluene as a deposition solvent leads to
the appearance of several undesired bands. The replacement of toluene with chloroform for the
depositions should result in IR spectra that are clearer and easier to interpret. However, there are
still other contamination bands, located principally between 1000 and 1200 cm™ (Figure 67 (b)), that
cannot yet be attributed precisely, particularly due to the variation of the positions and intensities of
the bands in this area from an experiment to another. One suspected origin of these contaminations
is the AFM tip itself. Indeed, note that a change in the AFM tip typically results in a change in the IR
contamination bands of this region, both in terms of intensity and position. To summarize, a table of

all the bands observed during the two series of AFM-IR is presented below.

Table 3 : Summary of IR bands observed by AFM-IR for TSB-C12, ZnPc, TBA[KM°(pyr)] and different contaminations with their
sources (tol = toluene)

Molecule IR Bands (cm™)

TSB-C12 949-959 (on aggregates only C=C trans), 1593 (C=C trans and aromatic rings)

ZnPc 1645 (typical C=N of some phtalocyanines)

TBA[KM(pyr)] | 944 (Mo-0), 1034 (P-O in lacunar POM), 1061 (P-O), 1482 (C-H of TBA), 1593

(C=C phenyl and pyridine groups)

Contaminations | 968 (likely tol contaminations), 1000 ~ 1200 (likely the AFM tip), 1261 (likely tol),
1377 and 1462 (organic mol.) 1740 (likely substrate oxidation)

Despite the presence of these contaminations bands, the second series of AFM-IR characterizations
shows clearly that for this sample where a solution with 0.2/1 equivalent of TBA[KM°(pyr)]/ZnPc,
respectively, is deposited, the POM form aggregates on the functionalized substrate rather than to
be driven into the pores by the ZnPc molecule. In particular, the use of reference samples, combined
to the data of the FTIR spectra, permitted to leave no doubt for the identification and attribution of
the bands on the AFM-IR belonging to each of TSB-C12, ZnPc and TBA[KM°(pyr)] molecules. This result

is also consistent and helps explain the STM images obtained, where no TBA[KM°(pyr)] could be
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observed. Indeed, the STM tip passes through these big aggregates of POMs imaging only the ZnPc-
TSB-C12 layer.

Nevertheless, one experiment is still required to fully characterize this TBA[KM°(pyr)]-ZnPc on TSB-
C12/HOPG sample. An increase of the amount of TBA[KM°(pyr)] vs. ZnPc deposited on TSB-C12/HOPG
to 1:1 equivalent could indeed give different results. In order to investigate this, another AFM-IR
experiment is needed, and with the results obtained previously, the use of toluene will also be

avoided and replaced by chloroform.

1.3.3.5 — Third series of AFM-IR measurements

For the last AFM-IR experiment performed at the end of my thesis, a sample is prepared consisting of
HOPG functionalized with TSB-C12 on which a solution of TBA[KM°(pyr)]-ZnPc complex (1:1 equivalent
of TBA[KM°(pyr)]/ZnPc) is drop casted. In this sample, the TSB-C12 is deposited in CHCls;, then the

TBA[KMO(pyr)]-ZnPc complex is deposited in the binary solvent acetonitrile/chloroform (30/70).

The sample is imaged using AFM-IR, and the same area is imaged first by setting the wavelength of
the apparatus at 950 cm™ to lighten the areas where the TBA[KM°(pyr)] is present (Figure 68 (a)), and
secondly with the wavelength of the apparatus set at 1645 cm™ to lighten the areas where the ZnPc
is present (Figure 68 (b)). These values are chosen according to the peaks of these two molecules
that was detected by AFM-IR during the previous AFM-IR measurement series. IR spectra are also

made on a flat film attributed to the ZnPc molecule, on a big and on a small aggregate.
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Figure 68 : AFM-IR and topography images of TBA[KMe(pyr)]-ZnPc (1/1 equivalent) drop casted on TSB-C12/HOPG sample
with in blue a spot lightened only at 1645 cm™L, in green a spot lightened only at 950 cm™ and in yellow some spots lightened
at both wavelength (a) IR image of the sample with the apparatus wavelength set at 950 cm™ (b) IR image of the same area
of the sample with the apparatus wavelength set at 1645 cm™ (c) AFM topography image of the area imaged by AFM-IR, the

orange, purple and red arrows on the images shows the spots where the corresponding IR spectra are taken

The AFM-IR images show a presence of several aggregates on the surface that are lightened at both
1645 cm™ and 950 cm™, which correspond to the signal of the ZnPc observed by AFM-IR, and the
most intense peaks of the TBA[KM°(pyr)], respectively. This shows that these aggregates are

composed of the complex TBA[KM°(pyr)]-ZnPc.

The areas lightened at 1645 cm™, such as the one surrounded by a blue circle in the AFM-IR images in
Figure 68 form mainly films with a height around to 2 nm and correspond to the free ZnPc molecules
on the surface. Also, the areas lightened only at 950 cm™, with only one aggregate found and shown
in the AFM-IR images (Figure 68) surrounded by green circles, are aggregates of free TBA[KM°(pyr)].

Lastly, the presence of several points that have the same size and lightened at both wavelengths is
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noticed, some are marked by the yellow circles in Figure 68. The height of these points is of about 1.5
nm to 2 nm corresponding to the height of a single TBA[KM°(pyr)]. Moreover, their width is around 20
nm which correspond to the lateral size of TBA[KM°(pyr)] POM taking into account the AFM contact
point deconvolution. Therefore, these points could be attributed to a single TBA[KM°(pyr)]-ZnPc

organized in a pore of the TSB-C12/HOPG functionalized substrate.

These results provide important information toward the comprehension of this system, showing that
mostly, the TBA[KM°(pyr)]-ZnPc complex form aggregates on the surface when it is deposited by drop
casting, aggregates of free TBA[KM°(pyr)] can also be found but with much less amount. This means
that in solution, the TBA[KM°(pyr)] form the coordination bond with the ZnPc and drive it to the
aggregates formed on surface, rather than to follow it into the pores. The presence of the points
attributed to isolated single TBA[KM°(pyr)]-ZnPc in pores, shows that statistically, the organization
expected occurs but gives randomly isolated molecules on surface rather than the periodic sub-

monolayer desired.

The IR spectra made on the big aggregate, the small cluster that could be attributed to a single
TBA[KMO(pyr)]-ZnPc complex and the film of ZnPc molecule (Figure 68, red, orange and purple curves,
respectively) confirm this hypothesis. Notably, even in the absence of toluene, the IR spectra (Figure
68) show the presence of the two bands at 1378 and 1461 cm™. Indeed, these signals can also be
detected on the TSB-C12, ZnPc and TBA[KM°(pyr)] molecules. Interestingly, the large and intense
bands detected previously between 1000 and 1200 cm™ are not present on this sample, giving much
more clear IR spectra. The position and intensity of these bands vary from a series of measurement
to another, and could be due to the AFM tip or the adjustement of the IR beam, or even other

parameters. Further investigations could give clear answer about it.

The IR measurement made on the big aggregate enlightened at both wavelengths of the ZnPc and
TBA[KM°(pyr)] (Figure 68, red arrow on the AFM-IR images giving the red IR spectrum) show clearly
and without surprise the bands of both molecules, confirming that these big aggregates are
composed mainly of the TBA[KM°(pyr)]-ZnPc complex. When the IR analysis is made on a very small
point, assumed being a single TBA[KM°(pyr)]-ZnPc complex (Figure 68, orange arrow on the AFM-IR
images giving orange IR spectrum), the characteristic bands of both molecules are still present, but
with significantly lower intensity. Lastly, the IR analysis made on the flat film of ZnPc molecules
(Figure 68, purple arrow on AFM-IR images giving the purple IR spectrum) shows the presence of the
characteristic C=N band of ZnPc only, demonstrating that this film is composed of only ZnPc

molecules.
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1.3.4 — Conclusion

The use of this ultra-sensitive technique allowed providing relevant data to understand the
organization at a molecular scale on surface. Remarkable results were obtained, with the
characterization of thin films of ZnPc molecules and even what appeared as being eventually a single
TBA[KM°(pyr)]-ZnPc complex, whereas STM images seem to show that no POMs are inserted into the
pores. However, it appears that the TBA[KM°(pyr)] is not organized as wanted and tend to form
aggregates. Likely, it seems that the main reason of this behavior is the POM to POM interactions
through the electrosctatic interactions in solution, that tend to keep the POMs close to each other
forming aggregates once deposited on the surface. To overcome this problem, an understanding of

the aggregation mechanism and the different parameters that govern it is needed.

One of these parameters is the solvent. Indeed, the dispersion of molecules and nanoparticles in
solution is based on the rule of “like dissolves like”, which means that the molecules are better
dispersed in solvents that have close polarity to them.?! Thus, the binary solvent used to dissolve
both ZnPc and TBA[KM°(pyr)], composed of acetonitrile that solubilize the POM but not ZnPc, and
chloroform that solubilize the ZnPc but not the POM, at a rate of 30/70 in volume respectively, can
dramatically accentuate the aggregation phenomenon of the TBA[KM°(pyr)] leading to the results
observed during the previous experiments. One potential solution to reduce the aggregation and
allows the TBA[KM°(pyr)] to be driven in the pores is to have a solvent that can solubilize both the

ZnPc and the functionalized POM. (cf. part 1.3.4)

Another parameter that could help to organize the POMs into the pores is the strength of the POM-
anchor bond. By putting a covalent bond rather than a coordination one, the competition between
free anchor and anchored POM to occupy the pores will be eliminated. Thus, each one of the anchor
molecules that will occupy a pore will drive a POM with it, and statistically, the amount of POMs in

the pores will increase. (cf. part 1)

Finally, the aggregation could decrease by modifying the charge number of the POM. Indeed, the
TBA[KM°(pyr)] being charged -4, four counter ions are needed to balance this charge, increasing the
ion exchange between the POMs statistically. By reducing the charge of the POM, the number of

counter ions will be reduced, as well as the ion exchange interactions.
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1.4 — First attempts with a hybrid POM soluble in toluene

To reduce the aggregation, we used a POM soluble in toluene, which is a good solvent for on surface
depositions. Toluene has a higher boiling point than chloroform or acetonitrile, providing more time
for the molecules to self-assemble before its evaporation. The system with the pyridine function
coordinated to a ZnPc has to remain the same. In order to achieve this, a new POM is synthesized
and it consists of a hybrid tungstate pyridine-terminated Keggin POM with tetraoctylammonium
counter cations (TOA) (Figure 69) to allow the POM to be soluble in solvents with lower polarity such
as toluene, chloroform...etc. The general formula of this POM is [CH3(CH3)7]aN[PW11035{Sn(Ci13HsN)}],
and it will be called here after TOA[KY(pyr)].

Br
/\\/\/\/\N+ /\/\/\/A\
Figure 69 : Scheme of tetraoctylammonium bromide salt (TOABr)

1.4.1 - Synthesis of TOA[KY(pyr)]

The TOA[KW(pyr)] was synthesized by replacing the TBA cations of TBA[KY(pyr)] by TOA cations. First,
TBA[KY(pyr)] is synthesized and deposited the same way as TBA[KM°(pyr)] on HOPG, to confirm that
no difference is noticed by STM by replacing the nature of the metal in the POM. The synthesis of
TBA[K™(pyr)] starts from the potassium salt of the lacunar Keggin tungstate POM, that is made in our
laboratory, and follow the same steps as for the TBA[KM°(pyr)] (Figure 70). The details of the

synthesis can be found in the appendix.
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Figure 70 : Scheme of the synthesis of TBA[KW(pyr)]

The cations exchange is made on the TBA[K™(pyr)] because of its better stability in solution
compared to its molybdate equivalent. It is performed by solubilizing the product in acetonitrile, and
adding 4.02 equivalents of TOABr to the solution. The mixture is stirred for about 5 min, and basified
water is added to precipitate the TOA[KY(pyr)] avoiding protonation of the pyridine function. The
product precipitates as a brownish gel. In order to eliminate any excess of TOABr, the gel is
solubilized in toluene and 4 volumes of cyclohexane are added to precipitate the TOA[KY(pyr)], while
the TOABr remains soluble in this toluene/cyclohexane solvent (20/80 in volume respectively). The

product is dried and analyzed by NMR *H and 3!P (Figure 71).
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Figure 71 : Scheme of the exchange of TBA cations on the TBA[KW(pyr)] by TOA cations and NMR 1H of the TOA[KW(pyr)]
functionalized POM in CDsCN, with the aromatic and TOA terminal CHs protons attribution

The NMR !H spectrum of the molecule shows the typical peaks of the TOA, with a small shift of the
triplet around 1 ppm for the TBA[K"(pyr)] to 0.93 ppm for the TOA[KY(pyr)] (appendix). The presence
of 4 TOA for one POM is confirmed by integration of the terminal CH; protons of TOA cations
compared to the integration of two protons of the aromatic region. Thanks to the precipitation using
basified water, the pyridine function is not protonated, as shown by the shape of the doublet at 8.65
ppm (Figure 71). The fact that this POM is now soluble in a large variety of solvents, including
chloroform and toluene, confirms that the cation exchange was successfully performed. After drying,
the TOA[KW(pyr)] is obtained as a light brownish powder. The NMR 3P of the TOA[KY(pyr)] can be

found in the appendix.

1.4.2 — Deposition of TOA[KY(pyr)] on TSB-C12/HOPG substrate and STM imaging

The product was first characterized in solution using UV-vis spectroscopy and NMR in CDCls. As
expected, the same results as the ones obtained with the TBA[KM°(pyr)] are observed showing the

formation of the complex in solution.
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For the deposition on TSB-C12/HOPG substrate, the solution is prepared by diluting 20 pL of a
saturated ZnPc solution in toluene (1.36*10°3 mol.L?) into 480 pL of toluene. Then a solution of 2 mg
of TOA[KY(pyr)] in 1 mL of toluene are prepared (4,13*10 mol.L) and 65 pL are added to the ZnPc
diluted solution to have 1/1 equivalent for the POM/ZnPc, respectively. The solution obtained is

diluted 20 times and 15 pL are deposited on a TSB-C12/HOPG substrate for STM imaging. The images

obtained are compared to a reference image of ZnPc on TSB-C12/HOPG (Figure 72).
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Figure 72 : STM images of (a) reference ZnPc on TSB-C12/HOPG, (b) and (c) TOA[KW(pyr)]-ZnPc complex on TSB-C12/HOPG
(blue circles show disturbed areas) with heights profile of the molecules of each image beneath it ((a) : 150 x 72 nm? Vbias =
1V, Iset =20 pA, (b) : 150 x 74 nm? Vbias = 1.5 V, Iset = 14 pA and (c) : 150 x 63 nm? Vbias = 1.5 V, Iset = 14 pA)

Amongst the 6 samples of TOA[KY(pyr)] on TSB-C12/HOPG imaged by STM, only one gave the images
(b) and (c) in Figure 72 while others gave typical images of ZnPc on TSB-C12/HOPG, not different
from the reference shown in Figure 72, (a). Indeed, these images (b) and (c) in Figure 72 show
“molecules” that appears different from typical ZnPc molecules (Figure 72, (a)). Firstly, their apparent
heights are approximately 1.6 nm, significantly greater than the apparent heights exhibited by ZnPc
molecules. Secondly, their shape is slightly distinct, appearing “spherical” or in “3D” being outside of
the pores formed by the TSB-C12 network on HOPG, while ZnPc molecules appear more “flat” and
being inside of these pores. Lastly, the comparison between the distance between two of these
molecules and between two ZnPc molecules on the height profiles (Figure 72) shows that their

distribution on the surface closely follows that of the ZnPc molecules.

Moreover, the coverage rate of these molecules is lower than that of ZnPc molecules trapped by the

TSB-C12 network. Additionally, in the case of these molecules, several disturbed areas are observed,
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as the ones surrounded by blue circle in the image (a) and (b) of Figure 72. These disturbed areas are

typically the signature of a movement of molecules induced by the scanning of the STM tip.

These preliminary results on using the TOA[KY(pyr)] POM soluble in toluene are very encouraging.
The images of these molecules (Figure 72 (b) and (c)) and the differences they exhibit compared to
the images of ZnPc molecules suggest the successful deposition of this hybrid POM into the pores of

the functionalized TSB-C12/HOPG substrate.

1.4.3 — Conclusion

Changing the counter ions of the functionalized POM to make it soluble in the same solvent as the
ZnPc gave encouraging results. First STM images of molecules that seems to be organized
TOA[KY(pyr)]-ZnPc complex in the pores of TSB-C12/HOPG substrate are obtained. However, caution
is still needed, because firstly, the images of these molecules on the surface were observed only on
one sample amongst several. Secondly, because of the STM that cannot provide chemical
information to prove that these molecules are in fact the TOA[KY(pyr)]. Thus, further
characterization techniques are needed, and one of the most challenging aspects of this work, is
indeed to be able to demonstrate that the POMs are organized at a molecular level, and at different

scales in order to also have information about the coverage rate.

The next step to these preliminary results is to analyze a sample of TOA[KY(pyr)]-ZnPc complex

deposited on TSB-C12/HOPG using chloroform by AFM-IR.

Il. — Hybrid POM with a pyrene anchoring group

Having a POM covalently bonded to the anchoring molecule presents some particularly interesting
advantages when compared with the previously studied POM-anchor coordination bonded system.
Having the anchoring molecule being a part of the POM will both eliminate equilibrium in solution
and the competition between the free anchor and the POM-anchor in occupying the pores. Also, in
such system the presence of molecules in the pores on surface will necessarily mean the presence of

the POM as well. The challenge however is the synthesis of such molecule. Indeed, its geometry has
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to be precisely controlled to allow the anchoring molecule to occupy the pore while the POM is

covalently bonded to it, and correctly oriented.

1.1 — Pyrene as covalent bonded anchoring molecule

Pyrene molecule (Figure 73 (a)) is one good candidate to be used as an anchoring molecule, it
presents the advantage of a simple synthesis process to be bind to the POM, and it was reported in
the literature for its pi-stacking on HOPG.?*2 Nevertheless, this molecule has to fit the size of the
pores formed by the functionalized HOPG with TSB molecule. Other aromatic compounds trapped in
the pores of TSB formed on HOPG have been widely reported, such as coronene,
pentacene...etc.20%202204 byt never pyrene. Then, since pyrene with a diameter estimated at about
0.9~1.2 nm,*? is a smaller molecule than ZnPc used previously, the TSB chosen to functionalize HOPG
is TSB-C10, that forms smaller pores on HOPG surface (Figure 73 (b)),*** able to trap pyrene
molecules more efficiently. A solution of pyrene in toluene with a concentration of about 10 mo.L*
is prepared and 10 L are drop casted on TSB-C10/HOPG substrate, and the sample is imaged by STM
(Figure 73 (c)). The following STM images are made by Jan Patrick Calupitan, a post doctoral

researcher in our team involved in the project.

(@

Pyrene molecule

re
deposition of pyrene of pyrene

Figure 73 : (a) Scheme of the pyrene molecule, (b) and (c) STM images of TSB-C10/HOPG before and after depositon of
pyene, respectively ((b) and (c) : 20 x 20 nm?)
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The results obtained (Figure 73) shows as expected, that pyrene molecules occupy the pores formed
on the TSB-C10/HOPG substrate. This makes the pyrene a viable molecule to be used as an anchor by

binding it to a functionalized POM.

1.2 — Synthesis of the functionalized tungstate POM with pyrene terminal function

The functionalized POM with a pyrene function needs to have some degrees of liberty that will allow
the pyrene function to pi-stack inside of the pore with the POM bonded to it. To obtain such
molecule, the synthesis started first by functionalizing a commercially available 1-
pyrenecarboxaldehyde by addition of of propargyl bromide under argon atmosphere in presence of
zinc activated with TMSCI to obtain the 1-(8,10-dihydropyren-1-yl)but-3-yn-1-ol (product (1) Figure
74). Product (1) is then reduced using triethylsilane in presence of BF3Et,0 in chloroform to give the
3-butynylpyrene (product (2) Figure 74) that is purified by flash chromatography. This synthesis is
reported in the literature.?*® Then the product is coupled to a functionalized POM through a
Sonogashira reaction to obtain the final molecule called here after TBA[KW(pyrene)]. The scheme of
this synthesis with NMR H and 3!P of the TBA[KY(pyrene)] are shown in Figure 74. The details of the

synthesis can be found in the appendix.
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Figure 74 : Scheme of the synthesis of the pyrene with the terminal alkyn group and the TBA[KW(pyrene)]

The arrangement of this POM is expected to be vertically attached on the top of the pyrene pi-

stacked onto HOPG inside the pores. However, due to the angle formed by a —-C—CH,—C bond of 109°,

the part of the molecule composed of the POM, the phenyl group and the strait -C=C-CH,- chain that

will be vertically oriented toward the surface would not form a 90° angle with the substrate but an

angle of about 109°. Figure 75 illustrates the expected organization of this functionalized POM.

Figure 75 : Scheme of the expected organization of the TBA[KY(pyrene)] on the functionalized substrate TSB-C10/HOPG
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The deposition of the POM is made in a mixture of solvents composed of chloroform and acetonitrile
at 50/50 in volume, because of the bad contact angle between HOPG and acetonitrile that forms

droplets on the substrate. The POM is soluble in acetonitrile but not soluble in chloroform.

I1.3 — Deposition and STM imaging of TBA[KY(pyrene)]

Two samples are prepared by drop casting 15 L solutions of TBA[KY(pyrene)] with concentrations of
2.48*10“ mol.L'* and 4.97*107 mol.L? on two TSB-C10/HOPG substrates, respectively. The aim is to
observe the effect of the concentration variation between these two samples that are compared to

an STM image of TSB-C10/HOPG substrate used as a reference (Figure 76).

Figure 76 : STM images of (a) TSB-C10/HOPG reference sample (b) 15 ulL of TBA[KW(pyrene)] at 4.97*107 mol.L"1 drop casted
on TSB-C10/HOPG and (c) 15 uL of TBA[KW(pyrene)] at 2.48*10* mol.L* drop casted on TSB-C10/HOPG (images 200 x200
nm?) (Vbias = 1V, Iset = 20 pA)

No difference can be noticed between the reference sample of TSB-C10/HOPG (Figure 76, (a)) and
the samples obtained after the deposition of the TBA[KY(pyrene)] (Figure 76, (b) and (c)). The small
bright spots on the images in Figure 76 are due to small contaminations by ZnPc. This result
demonstrates that the TBA[KY(pyrene)] is not driven to the pores by the pyrene anchor molecule as
expected. The interesting remaining question concerns the influence of this covalently bonded
pyrene on the behavior of the TBA[KY(pyrene)] on the bare surface. Thus, a deposition of 15 pL of
TBA[KY(pyrene)] solution at 2.48*10 mol.L is realized directly on a freshly cleaved HOPG without
the self-assembled TSB-C10, and the sample is imaged by STM (Figure 77).
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Figure 77 : STM image of the TBA[KW(pyrene)] drop casted on the bare surface of HOPG substrate, the blue arrows show the
orientation of the lines on the surface (300 x 300 nm?2) (Vbias = 1V, Iset = 20 pA)

The STM image (Figure 77) shows a flat surface with apparent line that could correspond to
organized molecules, however, these lines have apparent heights of no more than 2 A, which does
not correspond to the heights expected from the TBA[KY(pyrene)]. The resolution obtained does not
allow seeing the molecules individually which makes the attribution of these lines impossible. In
order to have answers about the organization on surface, images at a higher scale that will allow to
have a global vision about the distribution of the TBA[KY(pyrene)] are needed. Thus, AFM is the
appropriate technique that will allow to see the behavior of the TBA[KY(pyrene)] molecules on the

surface at a larger scale.

11.4 — AFM imaging of TBA[KW(pyrene)] on TSB-C10/HOPG and on HOPG substrates

First, a sample of TBA[KY(pyrene)] on TSB-C10/HOPG substrate is imaged. It is made with 15 pL
solution of TBA[KY(pyrene)] (C = 2.48*10*) deposited on TSB-C10/HOPG substrate. The AFM images

obtained are compared with images of TSB-C10/HOPG used as a reference sample (Figure 78).
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Figure 78 : AFM images of (a) TSB-C10 on HOPG substrate with below, a profile line of a layer on the surface and (b)
TBA[KW(pyrene)] deposited on TSB-C10/HOPG with below, a profile line of aggregates on the surface

The surface of the TSB-C10/HOPG substrate before the deposition of the POM is flat (Figure 78 (a)).
The TSB-C10 covers the surface and can form multilayers on some areas, probably due to the excess
of molecules deposited, with heights of about 2-3 nm as shown in Figure 78, (a). After the deposition
of the TBA[KW(pyrene)], the formation of aggregates is noticed over all the surface with heights
around 25 nm for the biggest ones as shown in Figure 78 (b). This result combined with what was
obtained by STM, shows that the TBA[KY(pyrene)] form aggregates on the TSB-C10/HOPG substrate,

and does not occupy the pores as expected.

The next experiment to better understand this system concerns the deposition of the
TBA[KY(pyrene)] on bare HOPG. Three concentrations of the TBA[KY(pyrene)] solution are used, 10

mol.L%, 10° mol.L't and 10 mol.L?, and AFM images are made for each one (Figure 79).
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Figure 79 : AFM images of TBA[KW(pyrene)] on HOPG substrate with (a) a concentration of 10® mol.L"X and a profile line of
the surface below, (b) a concentration of 10> mol.L"X and a profile line of the surface below and (c) a concentration of 10
mol.Lt with a profile line of the surface below

The results obtained for the deposition of a 10® mol.L? solution of TBA[KY(pyrene)] on HOPG (Figure
79 (a)) show a sub-monolayer formed on the surface with a height of less than 2 nm. When the
concentration of the deposited solution is increased to 10° mol.L?, the coverage of the sub-
monolayer increases as well and the height of this layer remains around 2 nm as shown in Figure 79
(b). At a concentration of 10* mol.L'? the image obtained Figure 79 (c) shows the formation of almost
a complete layer on the surface, with the presence of some holes, whose depth is between 2 and 2.5
nm. This result shows that the TBA[KW(pyrene)] does not form aggregates on HOPG, contrary to what
was observed with the TBA[KM°(pyr)]. This is due to the effect of the pyrene function on the
TBA[KY(pyrene)] that pi-stack on the surface of HOPG substrate and prevents the POMs from
aggregation. Interestingly, when the TBA[KY(pyrene)] is deposited on the functionalized substrate
made of TSB-C10/HOPG, the formation of aggregates is noticed. A possible explanation is the
reduction of the pi-stacking surface available on surface, reduced to the surface inside the pores and
induced by the 2D network formed by TSB-C12 on HOPG. This coud tend to promote the aggregation
when the POM is deposited through cations exchange and even by pi-stacking between pyrene

groups of the organic part of the TBA[KY(pyrene)] unable to pi-stack on the surface. It also tends to
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show that the pi-stacking of the pyrene on HOPG is not enough strong to drive the POM into the
pores. Thus, a change in the molecule used as an anchor (coronene, hexabenzocoronen...), with one

that has a better affinity to go into the pores could give better results.

1l — Conclusion

The organization of polyoxometalates on HOPG surface using templates needs to take several
parameters into account. The main difficulties encountered to organize the POMs can be resumed to
the POM/POM interactions in solution, by cations exchange that maintains them together leading
the formation of aggregates on the surface. Also, the chemical nature of the POMs, that are
polyanionic species, compared to the chemical nature of the TSB-C12/HOPG substrate composed of
very low polar organic material, could make the POMs form aggregates to minimize their contact

surface when deposited by drop-casting on this substrate.

To overcome these problems, the use of anchoring molecules to control the distribution of the POMs
on surface seems to give encouraging results. Particularly, the TOA[KY(pyr)] that use a coordination
link to a zinc phtalocyanine used as the anchoring molecule, gave interesting STM images where
molecules, that are assumed being the POMs, were organized according to the template induced by
the substrate. However, additional characterization techniques like AFM-IR are required to provide

conclusive evidence of the organization of the POMs.

In another hand, the TBA[KY(pyrene)] covalently linked to a pyrene used as the anchor have shown
that the pi-stacking of the pyrene is able to spread the POMs on the surface of HOPG, leading to the
formation of thin films or a monolayer, given the height measured by AFM. One interesting thing is
to determine how these TBA[KY(pyrene)] are arranged at the molecular scale on HOPG. This result
opens the way to the use of POMs covalently linked to various anchoring molecules that could help
the POMs to organize on functionalized HOPG surface. Another possibility shown by this
TBA[K™(pyrene)], is the periodic self-assembling of hybrid POMs into 2D layer directly on the bare
HOPG surface. Indeed, by functionalizing a POM with the right functions, a self-assembling hybrid
POM through pi-stacking and van der Waals and/or hydrogen bonds on HOPG surface could be

achieved.

Nevertheless, the aim of this thesis is not yet achieved, and to obtain a fully characterized surface
with a sub-monolayer of periodically organized POMs, a new approach is needed. For this approach,
a work will be carried out to modify the organic template on HOPG and make it able to attach POMs

on specific spots on its surface. To do this, electrostatic interactions will be used, that are stronger
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than the pi-stacking interactions between the pedestal molecules used previously and HOPG surface.
This could allow overcoming the POM/POM interactions to spread them on the substrate. The aim is
to generate punctual positive charges, periodically distributed on the surface, which will serve as a

cation to the POMs.
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CHAPTER llI: Periodic organization of polyoxometalates on functionalized
HOPG surface by electrostatic interactions

A new strategy to organize polyoxometalates on surface is elaborated, and it relies on electrostatic
interactions to deposit the POMs in a highly controlled way. To do so, the surface of HOPG needs to
be modified to be able to provide periodically distributed positive charges, that will attract the
polyanionic POMs serving as a part of their counter ions. The electrostatic interactions between
these punctual periodic charges and the POMs would ensure a high binding energy to keep the POMs
stuck on their positions. One of the challenges however is the STM imaging, particularly under
ambient conditions. So, other techniques are required to demonstrate the organized deposition of
POMs. As seen in Chapter Il, one of the biggest challenges encountered is the ability to demonstrate
the molecular organization of POMs at different scales on the surface. Cautious is required with
surface characterization techniques such as X-ray Photoelectron Spectroscopy (XPS), contact angle
measurements, Raman spectroscopy...etc. that allow to detect the presence of molecules or
functional groups on surface but don’t give enough precise information about the molecular
arrangement, meaning that aggregates of several nanometers and a monolayer of molecules would

give the same result with these techniques.

Here, the approach will require the use of the acid property of polyoxometalates. Indeed, several
POMs can be obtained as acid salts, particularly, the kegging molybdate POM H3[PMo01,040] which is
commercially available. POMs are known for their strong acidity?®. Thus, if periodically organized
protonable functions are exhibited on the substrate, the heteropolyacid POMs will protonate the
functions generating a positive charge that they will compensate, inducing their deposition on these

functions (Figure 80).
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Figure 80 : Scheme of the strategy to organize POMs by electrostatic interactions on surface

Probing the protonation rate on the surface provide information about the POMs coverage rate, as
each protonated nitrogen will be accompanied by the deposition of a polyoxometalate as a counter

anion.

I — New molecule for the functionalization of HOPG

The first step toward this new system consists of elaborating a new functionalized substrate with
periodic protonable functions on its surface. In order to accomplish this, specific molecules that self-
assemble on HOPG should be considered. The model chosen for this molecule is based on that of
TSB, which forms large homogeneous self-assembled layer on HOPG. A modification of the 1,3,5-
tris((E)-3,5-bis(alkoxy)styryl)benzene molecule, named here after TSB-3,5 have been carried out by
Dr. Claire Arrigoni during her PhD thesis at Sorbonne Université defended in 2010.2*¢ The aim of
these modifications were to modify the chemical affinity of the pores formed on surface.?*” Indeed,
the pores formed on the TSB-Cn/HOPG substrates allow to host only very specific molecules that
present the characteristics of being planar, non-polar and aromatic. By modifying the chemical
affinity of the pores and making them more hydrophilic or polar, the selectivity of the molecules
hosted could be controlled. This modification consisted of incorporating hydroxyl functions at the

end of the alkyl chains of the molecule as shown in Figure 81 (left).
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Figure 81 : TSB-C110H containing hydroxyl groups at the end of each alkyl chain (left) and STM image (183 x 183 nm?) of a
monolayer of TSB-C110H at the interface HOPG-1-Bromonaphthalene showing a disorganized layer (right)?46

As shown in the STM image of Figure 81 (right), the incorporation of new functions on the TSB-3,5
molecule led to a disorganization of the monolayer formed on HOPG compared to the one formed
with TSB-C12 molecules (cf. Figure 35). This disorganization is probably due to a modification in the
intermolecular interactions, through the hydrogen bonds induced by the hydroxyl groups of the
molecule. By reducing the number of hydroxyl groups, the network formed on the surface regains its

stability, and the honeycomb/herringbone arrangements are restored, as depicted in Figure 82.
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Figure 82 : (a) Scheme of the TSB-C10 with one hydroxyl group (left) and STM image (61 x 57 nm?) of layer of this molecule
deposited on HOPG substrate, (b) scheme of the TSB-C10 with two hydroxyl group (left) and STM image (42 x 42 nm?) and (c)
scheme of the TSB-C10 with three hydroxyl group (left) and STM image (39 x 39 nm?2)246

This work showed that a modification on the TSB-3,5 induced an important disorganization of its
arrangement on the surface. Therefore, the protonable function wanted to be incorporated on this

molecule has to be chosen carefully to ensure the stability and the periodicity of the network.

Another modification made on TSB-3,5 molecule has been reported by Schull et al. where the central
phenyl ring of the TSB-3,5 molecule was replaced by a pyridine ring, in order to track the motion of
the molecule by STM. This molecule named TSP self-assemble on HOPG in a way identical to the TSB
molecule forming a long-range regular honeycomb lattice.?*® This work have shown that a
substitution of the central ring of the TSB-3,5 molecule leads to much less self-assembling issues

compared to the introduction of a function on the alkyl chains (Figure 83).
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Figure 83 : (a) Model structure of the N-substituted TSPmolecule. (b) High-resolution STM image of one single

substitutedTSP molecule. (c) Honeycomb supramolecular network obtained byself-assembling of the TSP molecules on HOPG

surface.248

Il - Triazine derivative as a modified-TSB-3,5 molecule with protonable group

Triazine molecule is an aromatic heterocyclic compound with three carbon atoms and three nitrogen
atoms. Particularly, the 1,3,5-triazine that present a symmetry center (Figure 84) is a good candidate
to be incorporated as a protonable group into the TSB molecule. Indeed, it offers the possibility to
potentially be protonated two times (the pKa of the third nitrogen atom being too low and
necessiting super acids) generating tow positive charges equally distributed on the molecule due to

its symmetry (proton exchange between nitrogen atoms).

PN
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L
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Figure 84 : Scheme of the 1,3,5-triazine

Indeed, many triazine based molecules have been reported for their self-assembling on HOPG
substrate, with some of them having a close structure to the TSB molecule.?*72%3 This shows that the

presence of this group allows to obtain stable highly ordered 2D networks on surface.

Another important point concerning this approach is the ability of the chosen group to be

254

protonated. The pKa of 1,3,5-triazine is lower than zero,”* meaning that its protonation will be
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difficult. However, when the triazine is conjugated with other groups such as aromatic rings, there is
an increase in electron density within the triazine ring, induced by mesomeric effects that shift the it
electrons of the molecule toward the electronegative triazine ring, resulting in an increase of its pKa
value. It is reported that a molecule with triazine central ring linked to three other aromatic rings, a
close configuration to the central phenyl ring of TSB-3,5 molecule, can be protonated by

trifluoroacetic acid (TFA) (Figure 85).2%°
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Figure 85 : (left) Scheme of the protonated triazine ring of C8TR molecule with TFA (right) 1H NMR spectra of C8TR in CDCI3
(blue) and 20 ul (black) and 40 ulL (red) addition of TFA (10-1 M).255

By adding an excess of TFA to the molecule presented in Figure 85 (left) in chloroform, a shift in
characteristic peaks of the molecule is noticed in the NMR H spectra (Figure 85, right) indicating the
protonation of the triazine. However, the authors did not investigate the number of nitrogen atoms

that have been protonated, and did not give an exact ratio of TFA added to the molecule.

TFA has a PKa of 0.52%°¢, and the pKa of heteropolyacids (HPAs) are reported as being much higher
than usual inorganic acids like HCl, HNOs, HsPO4 and even HClO4.%7 For example the acidity of Keggin
POMs such as H3[PW1,040] , due to the simultaneous dissociation of its three protons, is suggested in
some studies as being even stronger than sulfuric acid.?**?* Thus the protonation of triazine
modified-TSB-3,5 molecule, enriched with the electrons of aromatic groups using an heteropolyacid

POM is definitely feasible.
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1.1 — Synthesis of triazine modified-TSB-3,5 molecule

The chosen triazine modified-TSB-3,5 molecule consists of replacing the central phenyl ring of TSB-

C12 by a central triazine ring (Figure 86). This molecule will be named Tz-C12.

Triazine ring enriched with e” by

electronegative and mesomeric effects
=>pKa
C12H250 OC2Hzs

C12H250

OC12Hzs OC2Hzs
1,3,5-tris((£)-3,5-bis(dodecyloxy)styryl)benzene 2,4,6-tris((E)-3,5-bis(dodecyloxy)styryl)-1,3,5-triazine

(TSB-C12) (Tz-C12)

Figure 86 : Scheme of TSB-C12 (left) and Tz-C12 with the direction of the mesomeric effects induced by the electronegativity
of the triazine ring (right)

The presence of C12 alkoxy chains on the molecule is important. Indeed, once pi-stacked on HOPG,
the distance between two triazine rings will be determined by the length of these chains.?*® This
distance is needed to be sufficient to be able to put one POM on each triazine ring on the surface
(see Figure 80). With a too short distance, the POMs will be too much packed and not isolated
enough from each other, and/or due to steric hindrance, only a part of the triazine functions will be
able to bind a POM, leading to a disordered arrangement with a reduced coverage rate. With a too
large distance, there will large spaces between the POMs that will just be a “lost” space on the
surface. If the Tz-C12 molecule exhibits the same arrangement as TSB-C12, this configuration with 12
carbons on the alkoxy chains will allow to have around 2 nm between the charge carriers in both
hexagonal and herringbone arrangements as shown in Figure 87.21° It seems to be the best choice
given size of the anionic form of Keggin type polyoxometalates reported is 1.06 nm for the

molybdate ones.’
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Figure 87 : Scheme of the supramolecular assembly from the Tz-C12 with the distance between two triazine rings in
honeycomb (left) or herringbones (right) arrangements (supporting information of reference 210)?19

The synthesis of the molecule starts by synthesizing the 2,4,6-trimethyl-1,3,5-triazine (1) according to
a reported method.?®® Then the 3,5-(tridecyloxy)benzaldehyde (2) is synthesized by a Williamson
reaction on the 3,5-dihydroxybenzaldehyde using 1-bromododecane and potassium carbonate.
Finally, the molecule is obtained by condensation under basic conditions of molecule (1) and (2),

inspired from a method reported in the literature (Figure 88).2%°
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Figure 88 : Scheme of the synthesis of Tz-C12 molecule

After purification by flash chromatography, the product is obtained as a white powder, the NMR H
of the molecule in CDCl; with the attribution of the protons is shown in Figure 89. The details of the

synthesis with NMR 3C and mass spectroscopy can be found in the appendix.

114



C15H,50

()Cu“z:}

!

oINS

C121135() ~ N/ H
H H H l OCiats
OCyaHps o H H:0 in CDCl;
OC5Hss .
H of the alkoxy chains
H HH .
H Hi{ B
N —
\_

o
»
-
N
-
o
-
3
=

Figure 89 : NMR 1H of Tz-C12 in CDCls with the attribution of the protons

The NMR *H of the Tz-C12 molecule is shown in Figure 89. The triplets around 0.9 and 4 ppm are
attributed to the terminal -CHs and first —-CH,—O— of the alkoxy chains, respectively. In the aromatic
area, the doublet and triplet at 6.85 and 6.53 ppm, respectively, are those of the protons on the
phenyl rings. The two large doublets at 8.21 and 7.14 ppm are the protons of the -HC=CH- double
bond. Note that the value of the coupling constant on these doublets is J = 15.58 Hz, confirming that
the molecule has a trans configuration. DFT calculation made by Jan Patrick Calupitan, a post
doctoral researcher in our team, allowed to attribute the most deshielded doublet to the proton on
beta to the triazine ring, and the less deshielded doublet to the proton on alpha position to the same

ring.

1.2 — Protonation of Tz-C12 in solution

The first characterization performed concerns the ability of this molecule to be protonated. With
chloroform as solvent, protonation is first verified in solution, employing trifluoroacetic acid. For this

purpose, NMR H and UV-visible spectroscopy are used.
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11.2.1 — NMR H characterization of the protonation of Tz-C12

To probe the protonation of the molecule by NMR H, 5 mg of Tz-C12 (3*102 mmol) are solubilized in
0.5 mL of CDCl; and NMR *H of this tubeis recorded and used as a reference. Three NMR tubes with 5
mg of Tz-C12 solubilized in 474, 448 and 422 pL of CDCls, respectively are prepared, and 26, 52 and
78 ulL of CDCl3 containing 3*103, 6*10% and 9*10° mmol of TFA respectively are added into these
tubes to obtain 1/1, 1/2 and 1/3 equivalents of Tz-C12/TFA solutions respectively. Three other tubes
with the same amounts of Tz-C12 and CDCl; are prepared, and 26, 52 and 78 uL of CDCls containing
3*1072, 6%102% and 9*102 mmol of TFA are added into these tubes to obtain 1/10, 1/20 and 1/30
equivalents of Tz-C12/TFA respectively. All the tubes are recorded using NMR *H and compared to

each other. Figure 90 shows NMR *H of the aromatic region of each tube.
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Figure 90 : NMR 1H of the aromatic protons of Tz-C12 with 0 (purple), 1 (magenta), 2 (red), 3 (yellow), 10 (green), 20 (light
blue) and 30 (blue) equivalents of TFA

The NMR spectra show shifts of all the aromatic protons of the molecule after adding TFA to highest
6 (ppm) showing that the protons become more deshielded. This evolution is attributed to
protonation of the triazine ring, which generates positive charges and makes it even more electrons
attractive. The protons of the double bound (red and green protons in Figure 90) are the most
affected ones due to their proximity to the triazine ring. Interestingly, after the addition of 10

equivalents of TFA, a change in the direction of the shift of the closest proton to the triazine ring
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(green proton in Figure 90) is noticed. This behavior could indicate the protonation of second

nitrogen of the triazine ring, but a UV-visible spectroscopy would give more information.

11.2.2 — UV-visible characterization of the protonation of Tz-C12

Another technique that gives valuable information in solution is UV-visible spectroscopy. The
acidification of 1 mL of Tz-C12 solution in CHCl; with a concentration of 4*10% mol.L*? using TFA is
followed by UV-visible spectroscopy. Three solutions of TFA with different concentrations are used to
add 7.6 pL of TFA with 1, 10 or 100 equivalents of TFA, respectively, into the Tz-C12 solution. The

results are shown in Figure 91.
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Figure 91 : UV-visible spectra of (a) Tz-C12 in chloroform with 10 equivalents of TFA showing no isobestic point, (b) Tz-C12 in
chloroform with up to 100 equivalents of TFA showing two isobestic points surrounded in red, and Tz-C12 in chloroform with
up to 1000 equivalents of TFA showing two new isobestic points surrounded in red.

The first 10 equivalents of TFA added to the Tz-C12 solution shows no effect on the spectra, as it
appears in Figure 91 (a). From 10 equivalents to 100 equivalents of TFA, two isobestic points appears
on the spectra (Figure 91 (b)) showing an equilibrium in solution attributed to the protonation of one
nitrogen of the triazine ring. After 100 equivalents of TFA and up to 1000 equivalents, two other
isobestic points appeared (Figure 91 (c)) showing the presence of another equilibrium attributed to a

protonation of a second nitrogen atom of the triazine ring.

These characterizations in solution demonstrated that the Tz-C12 can be protonated in solution using
TFA. It also tends to show that a protonation of a second nitrogen atom of the triazine ring is
reached. The heteropolyacid H3[PMo01,040] having a pKa below TFA, will definitely be able to

protonate the Tz-C12 molecule.
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11.3 — On surface characterizations of H3[PM012040]-Tz-C12/HOPG sample

The Tz-C12/HOPG sample is prepared by drop casting 10 pL of the molecule in toluene on HOPG
substrate (C = 10* mol.L}). The next step is to prepare the sample with the POMs, by protonating the
self-assembled Tz-C12 using a POM solution. The Keggin Hs[PMo01,040], that will be named HskM° is
used for its easier ability to be reduced compare to the tungstate equivalent, as explained before (cf.

chapter Il).

The protonation procedure is also important, and in order to have a large aexcess of heteropolyacid
POMs vs. the self-assembled Tz-C12 on the HOPG surface and avoid the formation of aggregates on
the surface of the sample, drop-casting method will be avoided. It has to take advantage of the
different solubility of the molecules. Indeed, the H3KM° is soluble in polar solvents such as water and
acetonitrile, and Tz-C12 is soluble in non-polar or low-polar solvents such as toluene and chloroform.
Then, | choose to prepare a solution of HsKM® in acetonitrile at a concentration of 1 mM, and to
immerse the Tz-C12/HOPG sample vertically in this solution for about 1 min in order to protonate the
self-assembled Tz-C12 to deposit the POMs through electrostatic interactions. As Tz-C12 is not
soluble in acetonitrile and HOPG have a low affinity with this solvent (poor wettability), the 2D
network formed on surface should not be disturbed by the immersion. In another hand, due to their
ionic polar character, the HskKM° have a low affinity with bare HOPG and Tz-C12 molecule. Thus, they
should remain in the acetonitrile solution when the substrate will be slowly removed from it. As a
result, only the HsKM° that would protonate the Tz-C12 on surface will stay on the surface after the
removal of the sample, thanks to the electrostatic interactions. This substrate obtained after the
immersion will be named HsKM°-Tz-C12/HOPG. A scheme of the deposition method is shown in

Figure 92.
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Figure 92 : Scheme of the deposition method of the HsKM° by on-surface protonation of the Tz-C12
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For the next steps, the question to answer is, what about Tz-C12 self-assembly on HOPG? And STM is

the appropriate technique to probe it.

11.3.1 — STM characterizations of Tz-C12/HOPG sample and the effect of protonation on the
arrangement of the molecules on surface

For STM imaging, a Tz-C12/HOPG sample is first prepared. 10 pL of the Tz-C12 molecules in toluene
with a concentration of 10 mol.L? are deposited on freshly cleaved HOPG substrate and after the

evaporation of the solvent the sample is imaged by STM (Figure 93).

Figure 93 : STM images of Tz-C12/HOPG samples with (a) honeycomb arrangement (150 x 88 nm?), (b) herringbone
arrangement (100 x 58 nm?) and (c) mix of honeycomb and herringbone arrangement (100 x 58 nm?) (blight dots are ZnPc
contamination) (Vbias = 1.1V, Iset = 18 pA)

Tz-C12 self-assembly observed by STM is similar to the arrangement of TSB-C12, with two different
organizations, honeycomb and herringbone networks, as shown in Figure 93. The tendency of this

molecule to form herringbone arrays is however much higher than for TSB-C12. Nevertheless, this
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herringbone arrangement is not problematic for this system to reach our goal to organize and

individualize POMs onto surface.

Another important point is the effect of the protonation on the Tz-C12 self-assembling. In order to
probe this, the sample is immersed in a solution of 1M of HCI in acetonitrile during about 1 min,

slowly removed and imaged by STM (Figure 94).

Figure 94 : STM image of Tz-C12/HOPG sample after immersion into 1M solution of HCl in acetonitrile for 1 min with green
circles showing some hexagons formed by the Tz-C12 (150 x 150 nm?) (Vbias = 1.3 V, Iset = 17 pA)

The STM image (Figure 94) shows a honeycomb arrangement of the Tz-C12 molecule on HOPG
substrate after the immersion into 1M of HCI solution in acetonitrile. This result demonstrates that

the network of Tz-C12 is not disturbed by the protonation onto the surface of HOPG.

Thus, after the immersion of a Tz-C12/HOPG substrate into a 1 mM solution of heteropolyacid HsKM®
in acetonitrile, the determination of the protonation is the first information needed. Indeed, for each
nitrogen atom protonated, an HsKM® will be deposited. As a result, the protonation rate on surface
would allow knowing the coverage rate of the POM over the surface. To obtain this crucial

information, X-ray photoelectron spectroscopy (XPS) will be used.
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11.3.2 — XPS spectroscopy on Tz-C12/HOPG and H3KM°-Tz-C12/HOPG samples

XPS is a surface sensitive technique that allows probing the chemical composition of materials. The
measurements rely on the photoelectric effect, where high-energy X-rays are directed at a sample,
causing the ejection of photoelectrons from the surface of the material. The energy of these emitted
electrons is measured and provides information about the binding energies of electrons in the
outermost layers of a material. By analyzing these binding energies, it is possible to identify the
elements present, their chemical states (oxidation states), and their relative concentrations by
measuring the area of photoelectron peaks. This will allow differentiating between the non-
protonated and protonated nitrogen atoms of the Tz-C12 on surface, and having quantitative
information about their rate. It will also be possible to probe the presence of HsKM° through Mo core

level signal.

Two samples are studied. First, the Tz-C12/HOPG sample as a reference with no protonated nitrogen
atoms (Tz-C12-H*). Second, an H3KM°-Tz-C12/HOPG sample to determine the Tz-C12-H*/Tz-C12 ratio

on surface, and prove the deposition of the HsKM® by the presence of molybdenum.

Thus, the XPS results related to HsKM°-Tz-C12/HOPG and Tz-C12/HOPG samples prepared according

to the procedure previously described are shown in Figure 95.
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Figure 95 : High resolution XPS spectra of (a) Tz-C12/HOPG reference sample at the N 1s core level, (b) and (c) the H3KMe-Tz-
C12/HOPG sample at the N 1s core level and Mo 3d core level respectively

The survey XPS spectrum of the H3KM°-Tz-C12/HOPG sample shows the presence of oxygen, carbon,

phosphorus, molybdenum and nitrogen. More specifically, high resolution XPS spectrum at the Mo
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core level shows the doublet at 233 and 236 eV corresponding to the 3d 3/2 and the 3d 5/2 levels,
respectively, and typical of the Mo® oxide (Figure 95 (c)).2° In the nitrogen high resolution XPS
spectrum, non protonated Tz-C12 is detected at 398.6 eV and, as expected, the presence of
ammonium on the surface with the peak at ~401.8 eV?*! (Figure 95 (b)) is detected as well.
Nevertheless, the peak at about 401.8 eV is also detected in the reference sample (Figure 95 (a)). The
presence of this peak before the immersion in the H3KM° was not expected. A possible interpretation
of this peak is the presence of hydrogen bonds due to water molecules, as proposed by Song et al.2®?
To check this hypothesis and show the effective protonation of the Tz-C12 on surface, we performed

an experiment under dry conditions.

The preparation of the sample in dry conditions is carried out inside a glovebox under dry nitrogen
atmosphere. The H3KM° is dried at 180 C° during 180 min under vacuum and solvents (toluene and
acetonitrile) dried from water are used to prepare the solutions. Reference Tz-C12/HOPG and the
H3KM°-Tz-C12/HOPG samples are made in the glove box and transferred under nitrogen into the XPS

chamber (Figure 96).
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Figure 96 : High resolution XPS spectra made under dry conditions of (a) Tz-C12/HOPG reference sample at the N 1s core
level, (b) and (c) the H3kM°-Tz-C12/HOPG sample at the N 1s core level and Mo 3d core level respectively?10

The spectra obtained on the samples prepared under dry conditions show that a single peak is
present on the Tz-C12/HOPG reference as expected (Figure 96 a). This result confirms that the signal
observed previously (Figure 95 (a)) is due to hydrogen bonds formed between the Tz-C12 and
molecules of water. The apparition of the peak at 401.5 eV alongside the peaks of molybdenum
(Figure 96 (b) and (c) respectively) after the immersion into the dry solution of POM in acetonitrile

proves the formation of the ammonium functions on the surface. The area ratio of the ammonium
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relatively to amine measured by XPS is 20%, which means that around 60% of the Tz-C12 molecules
on surface are protonated. Indeed, as each Tz-C12 molecule has 3 nitrogen atoms, if 100% of the
molecules are protonated once, a ratio of 33.33% would have been detected. The fact that all Tz-C12
molecules are not protonated on surface despite the supposed protonation of a second nitrogen
atom reached in solution can be explained by a change of the pKa of the molecule when it is pi-
staked on HOPG substrate. Indeed, several studies have reported a pKa variations for molecules

when passing from solution to on surface or at air/liquid interface.?63-26

These XPS results give valuable information. Firstly, protonation of the Tz-C12 molecule on the
surface is proved as well as the deposition of the HsKM° POMs. Secondly, a protonation rate on

surface is determined and shows that 60% of the surface can be covered by H;KM° POMs.

The XPS technique has however its own limitations related to the fact that no information about the
morphology of the surface probed is given. In order to observe the surface where the molybdenum
(i.e. presumably the HsKM° POMs) is detected, Field Emission Scanning Electron Microscopy (FESEM)
with energy dispersive spectroscopy (EDS) is used in order to get cross-linked information about

morphology and chemical composition of the surface at micrometric scale.

11.3.3 - Field emission scanning electron microscopy (FESEM) and energy dispersive X-ray
spectroscopy (EDS) characterizations

Field Emission Scanning Electron Microscopy (FESEM) associated to Energy-dispersive X-ray
spectroscopy (EDS) is a powerful analytical technique used for material characterization. FESEM
provides high-resolution imaging of a sample's surface, while EDS simultaneously collects and
analyzes X-rays emitted from the sample when it is bombarded with electrons. This combination
allows for the determination of the sample's elemental composition and distribution up to the

micrometric scale.

A blank sample consisting of TSB-C12/HOPG substrate immersed in a solution of HsKM° in acetonitrile
is first analyzed. In this case, because there are no nitrogen atoms on the surface, there should not
be any homogeneous layer of POMs. FESEM images are made at a normal incidence (0°) at different
scales and areas of the surface. And due to the deep bulk analysis capabilities of EDS, the samples are
analyzed at grazing incidence (85°) to enhance sensitivity to the outer surface. The images and

analysis of the blank sample are shown in Figure 97.
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Figure 97 : FESEM images of the TSB-C12/HOPG sample immersed in an Hs;KM° solution at a) 0° and b) 85° and c) EDS spectra
corresponding to image b) with the spectrum 37 recorded on a POMs aggregate?°

The FESEM images a) and b) Figure 97 at 0° and 85° respectively shows the presence of a film of TSB-
C12 on the surface appearing on the white contrast in image (Figure 97 a)). When the sample is tilted
for EDS measurements, some white spots appear on the surface corresponding apparently to
aggregates (Figure 97 b)). Analyses are made on three spots of the tilted substrate, with the spots 36
and 38 on flat areas and the spot 37 on the apparent aggregate. As expected, there is no
molybdenum detected on both sopts 36 and 38 (Figure 97 c)). Interestingly, for the measurements
made on the aggregate of spot 37, an important signal of molybdenum is detected allowing the
quantification of the % atomic ratios, i.e Mo/P = 12.4, Mo/O = 0.33 corresponding to the
stoichiometry of H3[PMo01,040]. Considering its high intensity, it allows to confidently conclude that it
corresponds to an aggregate. These results show that except for some aggregates, no H3KM° were

deposited on this TSB-C12/HOPG sample.

After the analysis of this reference, a H3KM°-Tz-C12/HOPG sample is prepared and analyzed using the

same conditions. The results are shown in Figure 98.
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Figure 98 : FESEM images at 0° tilt (normal incidence) of (a) the Tz-C12/HOPG sample (white contrast corresponds to Tz-C12
film) and (b) the H3KMe-Tz-C12/HOPG sample (white contrast corresponds to the POMs layer); (c) FESEM image at 85° tilt of
the H3KM°-Tz-C12/HOPG sample; (d) EDS spectrum at 85° tilt of the H3KMe-Tz-C12/HOPG sample showing the presence of
molybdenum?10

The FESEM images obtained with an incidence of 0° before and after deposition of the POMs (Figure
98 a) and b) respectively) show the formation of a thin homogenous film (in white) on the surface as
attested by the white contrast on the images. No aggregates are detected on the entire sample’s
surface. The images show an evolution of the film on the surface before the immersion and
deposition of the POMs (Figure 98 a)) and after the deposition of the POMs on the sample (Figure 98
b)). The aspect of the film after the deposition of the H3KM° changes, exhibiting larger areas covered
on the surface (white regions) connected with linear bridges and an apparent increase in thickness.
This evolution is probably related to the POM layer formed on the surface of the Tz-C12/HOPG
substrate. This is confirmed by the analysis made on flat areas of this thin layer with a grazing angle
of 85° (Figure 98 c)). Indeed, molybdenum is detected with a quantity of about 1%. Note that the
presence of molybdenum is detected all over the sample, in a homogeneous way. These results are

in accordance with what was obtained by XPS, and give one supplementary information about the
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distribution of the 60% estimated coverage of Hs;KM® over the surface by detecting its presence on

these films.

The presence of this layer attributed to the POMs over the entire surface of the HsKM°-Tz-C12/HOPG
substrate, and the absence of this layer in the case of TSB-C12/HOPG sample, show the necessity of
the presence of this triazine protonable function on surface in order to trap HskM° POMs by
electrostatic interactions. Furthermore, the absence of aggregates along with the thin films observed
and the differences noticed before and after the deposition (Figure 98 image a) and b) respectively),

combined to the results obtained by XPS, confirm undoubtedly the electrostatic deposition of HskKM°,

To further investigate the distribution of this HsKM° layer on the surface, AFM is used. AFM allows
imaging under ambient conditions, and it is a powerful technique for 3D shape characterizations at

the nanometric scale.

11.3.4 — AFM characterizations of HsKM°-Tz-C12/HOPG sample

A Tz-C12/HOPG sample is prepared and imaged by AFM before the deposition of H3KM°, The HzKM°

are then deposited as described previously and the sample imaged again by AFM (Figure 99).
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Figure 99 : AFM images of (a) the Tz-C12/HOPG sample and height profile showing the presence of a flat film of ~1 nm
thickness, (b) the H3kKMe-Tz-C12/HOPG sample and height profile showing a film of ~3 nm and (c) H3kMe-Tz-C12/HOPG
sample with topography (left) and corresponding phase image (right) (images 10 x 10 um?)

The AFM images of the Tz-C12/HOPG sample show a formation of the film with height of around 1

nm (Figure 99 (a)). These images are in accordance with what were observed by FESEM, showing a
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homogenous flat surface. Following the H3KM° POM deposition, thin films are formed on the
substrate, with an average coverage of around 60% determined from the image 97 b), which is
consistent with the protonation rate estimated by XPS. The films cover large areas on the surface
connected between them by linear bridges, exactly as observed previously by FESEM. The heights of
the film are around 2.5 ~ 3 nm as shown in Figure 99 (b), which could be associated to a monolayer
of H3KM° on the top of a Tz-C12 monolayer. Furthermore, these films exhibit a finely structured
network, suggesting the presence of well-organized POM arrays as it can be clearly observed in

Figure 99 (c).

The images and information obtained by AFM confirm and complete the characterization made by
XPS and FESEM/EDS, showing a deposition of the H3KM° all over the surface into a thin film. One
question however concerns the molecular arrangement of the HsKM? inside these films, and the STM

should provide some answers.

11.3.5 — STM characterization of the HsKM°-Tz-C12/HOPG sample

The purpose of STM imaging is to probe at a nanometric scale the arrangement of the molecules on
the surface. Indeed, the previous characterization techniques allowed to demonstrate the deposition
of the H3KM° POMs on the functionalized Tz-C12/HOPG substrate into thin films, and even to quantify
their coverage rate at around 60%. Nevertheless, the arrangement of the H3KM° is still unknown (are
they individualized? Periodically organized?), and STM is the appropriate technique to achieve this
goal. However, as mentioned before, STM imaging on such system under ambient conditions is
challenging, due for example to the huge electric field generated between the tip and the molecules

that can reach several GV.m™* and could disturb the Tz-C12/POM ionic layer.**®

After checking the self-assembly on a prepared Tz-C12/HOPG substrate, it is immersed into the 1 mM

of HsKM® acetonitrile solution for about 1 min and imaged again by STM (Figure 100).
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Figure 100 : STM images with heights profile of (a) the H3KM°-Tz-C12/HOPG samples (150 x 71 nm?) and (b) the Tz-
C12/HOPG sample (100 x 47 nm?) ((a) : Vbias = 1.5 V, Iset = 16 pA, (b) : Vbias =1V, Iset = 20 pA)

The STM images before (Figure 100 b)) and after (Figure 100 a)) the deposition of the H3KM° are very
different. The arrangement of Tz-C12 molecule on HOPG before the deposition of the POMs exhibits
herringbone arrangements. Their height profile reveals apparent heights of approximately 1 A, and
there are seven Tz-C12 molecules counted over a line of 16 nm in length, with a separation of 2.3 nm
between each molecule. On the STM image of the H3;KM°-Tz-C12/HOPG sample obtained after the
deposition of the POMs (Figure 100 a)), molecules different from the Tz-C12 are observed forming
islands on the surface. The shape of these molecules is spherical, in contrast to the triangular shape
of Tz-C12. They exhibit apparent heights between 1.5 and 2 nm (Figure 100 below image a)), much
higher than the apparent heights of Tz-C12 molecule. These observations allow attributing these
molecules to the HsKM° POMs as they are in accordance with the expected STM images of this POM.
Moreover, the assumed HsKM° form arrays on the surface, following precisely the same pattern as
the Tz-C12 molecule, being separated from each other by 2.3 nm and counting 7 POMs over 16 nm

line.

These results, along with the combination of the different characterization techniques showing the
deposition of the H3KM°, leaves no doubt about the nature of the molecules observed in Figure 100

a), and demonstrate that the Tz-C12 pattern induces the periodic organization of the POMs.

129



Remarkably, the image of the POMs within the bulk of the islands remains stable, displaying
individualized HsKM°® structures. Indeed, at the edges and within small clusters (comprising
approximately 6-7 molecules or fewer), disturbances that are typically indicative of the movement of
the molecules induced by the scanning STM tip appear on the image. This suggests that within the
bulk, the packed POMs are more stable and less susceptible to the interactions caused by the
scanning STM tip. But on the edges, where they have more degree of freedom to move, they exhibit

lower stability and are affected by the scanning STM tip, moving and being torn off from the surface.

An image of the POMs that seem to be organized on the honeycomb arrangement is presented in
Figure 101 b). This image presents more disturbances on the molecules compared to the one where

the H3kM® follows the herringbone pattern of the Tz-C12.

Figure 101 : STM images (150 x 150 nm?) of H3KM°-Tz-C12/HOPG samples with H3K™° organized on (a) herringbones
arrangement of Tz-C12 and (b) honeycomb arrangement of Tz-C12

Obtaining a less stable layer when the HsKM° follow the honeycomb pattern comfort the hypothesis
that POMs are more affected by the interactions induced by the STM tip when they exhibit more
degrees of libety to move. Indeed, the layer formed over the honeycomb pattern presents pores
within it (Figure 101 b), blue rectangle), granting the POMs with greater freedom of movement
compared to when they follow the herringbone pattern. This could reasonably explain the
disturbances observed in the image of the H3KM° over the honeycomb pattern of Tz-C12 molecules

(Figure 101 b)). The herringbone pattern appears to provide greater stability, forming a denser layer
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of POMs that restricts their movement within the bulk. In contrast, the POM layer formed on the
honeycomb pattern contains pores, enabling the POMs to move and making STM imaging more

difficult, as illustrated in Figure 101.

Regardless, STM imaging of the POMs on this system under ambient conditions remains complicated

to interpret, as illustrated by Figure 102.

Figure 102 : (a) STM images of H3K™° on hexagonal arrangement with (top) the first scan and (bottom) second scan of the
same area (b) STM images of HskKMe on herringbones arrangement (top) first scan and (bottom) second scan of the same
area

Indeed, two scans of the same area by STM results in different images, with a depletion in POM
coverage as noticed for the case where POMs follow the herringbones arrangement (Figure 102 (b)),
and a loss of the entire POMs layer when they follow the hexagonal arrangement (Figure 102 (a)).

This shows once more the different stability of the two arrangements.

131



11.3.6 — Conclusion

With these results, this electrostatic deposition method has proven its viability to deposit and
organize POMs periodically on surface, and very convincing STM images have been obtained.
Moreover, several cross-linked characterization techniques helped to define the chemical nature of
the organized molecules observed by STM on the patterned substrate, and to prove the organization
at a larger scale. Also, the similarity between the HskKM° POMs images obtained in terms of shape,
heights and behavior on the surface (movement) with the STM images obtained by depositing the
functionalized TOA[K"(pyr)] POM with terminal pyridine function anchored to ZnPc molecule (see

Figure 72), lean toward demonstrating that it was indeed the POMs that are observed.

However, one aspect that can still be enhanced is the protonation rate on the surface. Indeed, the
Tz-C12 molecule with a triazine core is not easy to protonate and the use of strong acids such as TFA
is needed. Even though in solution, the H3KM° would likely be able to protonate one or two nitrogen
atoms of the Tz-C12 molecule, when it is pi-stacked on the surface, the pKa of the Tz-C12 molecule is
affected, making it more difficult to protonate. This could explain the protonation rate estimated at
only 60% on surface. Thus, a new molecule, able to self-assemble on HOPG, with higher pKa could

reach near to 100% protonation rate giving higher coverage rate.

This deposition method based on protonable self-assembling molecule also opens the way to various
patterns to organize the POMs, by controlling the distance, the geometry or the distribution of the

protonable functions on surface through the synthesis of new self-assembling molecules.

In order to investigate these possibilities, another TSB based molecule has been synthesized,
incorporating pyridine rings around a phenyl core that are easier to protonate and should give a

different distribution of the protonable functions on surface.
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lll. - New molecule as a modified-TSB-3,5 molecule with protonable group
incorporating pyridine rings

The shape of this new molecule that will be called hereafter TPY-C12 displays three pyridines (Figure
103).

1,3,5-tris((£)-2-(2,6-didodecylpyridin-4-yl)vinyl)benzene

Figure 103 : Scheme of TPY-C12 molecule

As mentioned before, this molecule should induce an increase of the pKa of the protonable
functions. Moreover, the distribution of these functions will be different in the final self-assembly.
Indeed, this kind of molecule generally leads to hexagonal network on HOPG surface, with the
“head” of each aromatic ring around the phenyl core oriented toward the pore. Thus, the pyridine
function, and consequently the charges generated by their protonation, will be oriented toward the

pores (Figure 104).
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Figure 104 : Scheme of the self-assembled protonated TPY-C12 with the charges oriented inside the pores

lll.1 - Synthesis of the TPY-C12 molecule

The synthesis of an aldehyde intermediate, the 2,6-didodecynepyridine-4-methanal (5), is first done
starting from the bromination of the citrazinic acid using POBrs. The 2,6-Dibromoisonicotinic acid (1)
obtained is then reduced by borane-THF complex to give the 2,6-Dibromopyridine-4-methanol (2).
Dodecyne chains are added to this product through a Sonogashira coupling reaction to form the
compound (3), and then the triple carbon-carbon bonds are reduced on Pd/C to give compound (4)
(Figure 105). Finally, an aldehyde is formed by a Swern oxidation to lead to compound (5) (Figure

105). The scheme of this synthesis is shown in Figure 105.
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Figure 105 : Steps of the synthesis of the 2,6-didodecynepyridine-4-methanal for the synthesis of the TPY-C12 molecule

To obtain the final molecule, a coupling reaction with 1,3,5-tribromobenzene through an in-situ

decarboxylation followed by a Heck coupling is attempted (Figure 106 a)). This reaction is inspired

from a similar coupling reaction reported in the literature (Figure 106 b)).2%
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Figure 106 : scheme of (a) reagents involved in the reaction (b) the expected reaction mechanism found in the litterature26¢

The product obtained is analyzed by NMR !H, and it shows that it does not correspond to the TPY-
C12 molecule. Indeed, a singlet related to the central phenyl ring of the TPY-C12 is missing (Figure
107).

“ar
i

“1

Figure 107 : NMR H of the molecule obtained after the reaction Figure 106
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After NMR 3C shows a typical carboxylic acid peak, and mass spectroscopy analysis showing that the
main product has a molecular mass of 486 g.mol?, the molecule obtained is resolved. It appears that
the second decarboxylation expected did not occur and a carboxylic acid was formed with the

mechanism proposed in in Figure 108.

CqoHas N C12H2s
Ci2Hos |N\ C12H2s CH,(COOH), CiaHas.N__CiaHas
- —_— [ _— -
Piperidine 7 -H,0
o N
S(oH
) O” "OH
“0” "O-H

Figure 108 : Schema of the reaction and product obtained

As the reaction was carried out under basic conditions, the carboxylic acid group of the molecule is
obtained deprotonated. Adding TFA to the molecule and analyzing it by NMR *H shows the apparition

of the characteristic peak of the —COOH group, definitely confirming its structure (Figure 109).
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Figure 109 : : NMR 1H of the molecule obtained before (top) and after (down) protonation with TFA noticing the apparition
of the carboxylic acid peak

Another attempt consisting of a Wittig-Horner reaction is then used to perform the coupling reaction
(Figure 110). It required to preliminary synthesize a phosphonate intermediate (product (6), Arbuzov

reaction).
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Figure 110 : Scheme of the final steps of the synthesis of TPY-C12

A purification of the raw product is attempted by flash chromatography but has failed to separate
the components. Then, a recrystallization in absolute ethanol was carried out and a small quantity of
the pure product was obtained. The NMR *H of the molecule before and after the purification is

shown in Figure 111.
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Figure 111 : NMR H of the TPY-C12 raw product (top) and pure product (down) with the protons signals attributed

The NMR *H of the TPY-C12 shows all the expected peaks of the molecule. In the aromatic region, the
singlet of the central phenyl ring at 7.65 ppm is the most deshielded signal (Figure 111, purple
proton), this is due to the effect of the three electroatractive pyridine rings withdrawing electrons
from it. The protons of the pyridine rings show a singlet at 7.1 ppm (Figure 111, red proton) with
intensity twice the one exhibited by the protons of the phenyl ring, as expected. The large doublets
of the HC=CH double bond appears at 7.33 and 7.11 ppm (Figure 111, blue and green protons
respectively). The most deshielded one is attributed to the proton on alpha position to the central
phenyl ring due to the mesomer effects that makes a positive charge appear on its carbon. The
protons of the alkyl chains (Figure 111, black proton) exhibit the triplet of the terminal CH; at 0.88
ppm and the triplet on alpha position to the pyridine rings slightly deshielded at 2.81 ppm because of

its proximity to the nitrogen atom of the pyridine.

The molecule is finally obtained; the next step is the characterizations in solution in order to follow

its protonation.
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I1l.2 — Characterization of the protonation of TPY-C12 in solution

The protonation of the molecule will be followed by NMR 'H and UV-vis using TFA as acid and

chloroform as a solvent.

111.2.1 — Characterization of the protonation of TPY-C12 by NMR H

5 mg (3.58*10° mol) of TPY-C12 are solubilized in 500 pL of deuterated chloroform. 1 to 6
equivalents of TFA are then added into small volumes of deuterated chloroform and NMR H is

performed after each addition. The results are shown in Figure 112.

"J5-8€6-rl TFA 3eq” 10 1 "C:\Users\Michele-Lab'Desktop]

e
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ﬂ [J Oeq

- ——
7 6 5 4 3 2 ppm)

Figure 112 : NMR H of TPY-C12 with O (blue) 1 (red) 2 (green) 3 (purple) and 6 (yellow) equivalents of TFA in CDCl3

The effect of the addition of TFA on the NMR H spectrum of the TPY-C12 appears clearly even after
the addition of one equivalent. The most affected signals are the one of pyridine protons and the
signal of the protons of the double bond (cf. Figure 111). Interestingly, the effect of the protonation
is noticed also on the signal of the first and second CH; of the alkyl chains, showing that it occurs on
the nitrogen atom of the pyridine function (cf. Figure 111). This NMR !H characterization

demonstrate qualitatively the protonation of the molecule in solution.
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In order to obtain more information, UV-visible spectroscopy is performed on the same system.

111.2.2 — UV-visible characterization of the protonation of TPY-C12

0.5 ml solution of TPY in chloroform at 7.16*10™ mol.L! is introduced into a UV-vis cuvette. 0 to 30
quivalents of TFA are added into small volumes of chloroform and UV spectra of the solution are

recorded at each step. The results are shown in Figure 113.

—— TPY-C12
2 — TPY-C12 + 1 eq TFA
< —— TPY-C12 + 2 eq TFA
—— TPY-C12 + 3 eq TFA
20 —— TPY-C12 + 4 eq TFA
2N TPY-C12 + 5 eq TFA
TPY-C12 + 6 eq TFA
7 —— TPY-C12 + 7 eq TFA
TPY-C12 + 8 eq TFA
1.5 4 TPY-C12 + 9 eq TFA
TPY-C12 + 10 eq TFA
—— TPY-C12 + 20 eq TFA
—— TPY-C12 + 30 eq TFA
1.0
0.5 4
0.0

T
300 Wavelength (nm) 400

Figure 113 : UV-visible spectra of TPY-C12 with O to 30 equivalents of TFA in chloroform

The UV-vis spectra show an evolution right after the addition of 1 equivalent of TFA, showing that the
molecule is much easier to protonate than the Tz-C12. By adding more equivalents of the acid, a
decrease of the non-protonated species is observed, as shown by the reduction of the intensity of
the peak at 309 nm (the arrow in Figure 113). The evolution of the spectra seems to stop after 20

equivalents of TFA with a protonated species band at 348 nm. The spectrum appears to be tricky to
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analyze due to intermediate species that appears between the not protonated one at 309 nm and
the final molecule at 348 nm. Theoretical calculations would allow to determine the wavelength of
each one of the mono, di, and tri protonated TPY-C12, and to attribute the nature of the species that

absorbe at 348 nm.

This UV-visible characterization confirms that the TPY-C12 molecules can be protonated easily in
solution with only 20 equivalents of TFA and can probably reach a higher protonation rate on the

surface compared to the Tz-C12.

After the characterizations in solution, the molecule is characterized by STM to probe its

organization.

1.3 — STM imaging of TPY-C12 on HOPG

These STM images have been made by Jan Patrick Calupitan during my thesis writing, a post-doctoral
reasercher of our team involved in the project. The sample is made by depositing 10 uL solution of
TPY-C12 at 10* mol.L'? in toluene on HOPG. After the evaporation of the solvent 5 pL of

phenyloctane are added on the surface to make STM images at the solid/liquid interface (Figure 114).

Figure 114 : STM image of TPY-C12 on HOPG at the solid/liquid interface (50 x 50 nm?)
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The self-assembling of the TPY-C12 forms honeycomb network on the surface of HOPG, the same
way as TSB-C12 and Tz-C12. The principal difference noticed is the absence of herringbone
assemblies. Indeed, on all the samples imaged, only hexagonal arrangements are observed.

Theoretical calculation would allow understanding better this behavior.

The characterizations on this molecule did not go further as the timing of my thesis arrived to the
end. However, it exhibited very interesting and promising properties and is worth to investigate for

the deposition of POMs.
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IV — General conclusion and perspectives

During this thesis, we investigated several approaches to organize Keggin polyoxometalates at a
molecular scale on functionalized HOPG substrate. The general strategy relies on the use of
intermolecular and molecule/substrate interactions. Several challenges had to be overcome, and the
organization of the molecules on the surface was achieved. As a result, we have published the first
paper reporting the highly organized self-assembly of POMs on a solid substrate.?'® This last part of
this manuscript will conclude about this work and present some perspectives opened by the results

obtained.

The first approach attempted consisted of using a functionalized POM linked to an anchor molecule
through a coordination bond. The anchor was expected to drive the functionalized POM onto
periodic network of pores exhibited on the surface of a functionalized HOPG substrate, through
host/guest interactions led by pi-stacking. This approach has shown several challenges, starting from
the formation of the coordination bond between the functionalized POM and the anchor molecule in
solution due to solubility differences. Also, the equilibrium of formation of the POM-anchor species
in solution contributed to making this system furthermore complex, by adding several parameters to
take in account. For instance, the competition between the free anchors and the POM-anchor to
occupy the pores, the optimal number of POM/anchoring molecule equivalents to use and the
amount of anchored POM available at the equilibrium state. Once the POM-anchor were deposited
on the functionalized HOPG surface using a binary solvent composed of chloroform/acetonitrile
(70/30) to solubilize both molecules, it turned out that one of the biggest challenges of this system
was the sample characterization. Indeed, there are only few techniques that can provide information
about the organization rate of the molecules at different scales. Nevertheless, the use of AFM-IR, a
particularly interesting technique, allowed this type of characterizations. This technique permitted a
very fine analysis of the samples, leading to the observation of very thin molecular layers of around 2
nm in height and 1.5 nm-sized nanoobjets height. The latter were assumed to be the signature of the
presence of isolated POM-anchor molecules on the surface. Naturally, the next challenge consisted
of avoiding the aggregation phenomenon of the POM-anchor on the surface. By changing the
counter ions of the POMs, it was possible to make them soluble in the same solvent as ZnPc
molecule, which is the anchoring molecule, interesting results were obtained by STM. Indeed, STM
image seems to show that some POM-ZnPc complexes are traped into the pores of the functionalized
HOPG substrate. Thus, in order to avoid the aggregation of the POMs, the control over the POM to

POM interactions by using the appropriate solvent, proved to be crucial. Moreover, this strategy
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seems promising toward a controlled deposition of POMs on surface, and it is worth to investigate it

further.

Another approach, similar to the one described above where the POM is covalently linked to the
anchor molecule was studied. This method allowed to get rid of the different solubilities of the POM
and the anchoring molecule, and to facilitate the interpretation of STM images, as filled pores on the
surface will necessarily mean the deposition of the POMs. Unfortunately, only a few experiments
were performed on this system at the beginning of my thesis, and the deposition was tested using a
binary solvent made of chloroform/acetonitrile (70/30) where the solubility of the POM is not
optimum. As a result, no POMs were found to be trapped by the functionalized HOPG surface.
Several things could be tested concerning this approach, such as changing the nature of the counter
ion both to increase the solubility in solvents like toluene or chloroform (Te,, wetting on HOPG...etc.)
and to decrease the aggregation phenomenon. Then, along with the use of a more appropriate
anchor molecule with more affinity with the pores (better pi-stacking) such as coronene or
hexabenzocoronene could give better results. Interestingly, the deposition of this POM covalently
linked to the anchor molecule on a freshly cleaved HOPG substrate led to the formation of a thin film
on the surface, preventing the aggregation phenomenon. This open a way for the synthesis of self-

assembling functionalized POMs able to form a layer of periodically organized molecules.

The last approach consisted of modifying the chemical nature of the assembling molecule to capture
the POMs on specific areas of the self-assembled network. It is based on the synthesis of a TSB-like
molecule carrying a protonable function periodically distributed on HOPG substrate after the self-
assembling. Keggin heteropolyacids were used to protonate these functions, and they remained
stuck to it as a counter ion thanks to electrostatic interactions. This system, unlike the previous ones,
was analyzed by different techniques. For instance, with XPS due to the formation of a new chemical
species on the surface after the POMs deposition, that could be probed and quantified to know the
deposition rate. This method allowed demonstrating undoubtedly the deposition and periodic
organization of POMs on the functionalized HOPG substrate, with 60% coverage rate. In order to
improve the coverage rate, another TSB-like molecule able to self-assemble on HOPG was
synthesized carrying more basic functions that would allow reaching a higher on surface protonation
rate, and thus, a higher deposition rate. This molecule was characterized in solution and exhibited
suitable protonation properties. Besides, from the STM images, the network formed by these
molecules on HOPG was shown to be similar to that formed by unmodified TSB molecules. Next
characterizations on this molecule could be the protonation on surface, first using an acid, following
the same method of immersion in an HCIl solution in acetonitrile for example. Then, it would be

interesting to deposit the molecule already protonated and probe its arrangement by STM. One
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equivalent of a strong acid could be used to protonate one pyridine group only. Then, precipitate the
protonated molecule and deposit it in toluene or chloroform on HOPG substrate. The same
experiment could be done with a molecule protonated twice and three times. A deposition of Keggin

heteropolyacids should be investigated as well.

Finally, one particular point noticed during this work is the difficulty for STM imaging of POMs under
ambient conditions. As stated previously, STM imaging under ambient conditions on such system
presents challenges. One of the difficulties arises from the significant electric field generated
between the STM tip and the molecules, which can reach several GV.m and may disrupt the Tz-
C12/POM ionic layer. Thus, the use of low temperature UHV STM would allow to fixe the molecules
and reduce their movements on the surface, as well as to work under milder conditions (without the
disturbances of the molecules present in air such as H,0) to obtain higher quality images. UHV LT
STM also allows to perform STS measurements and to study the electronic properties of the POMs,
then to try to switch the redox state of the POMSs organized on the surface with the STM tip, and
measure |V curves of an isolated POM, the final aim being to perform a reading/writing operations
on the POMs using the STM tip to show the potential of these assemblies in the field molecular of

data storage materials.
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| — Synthesis

1.1 — Synthesis of TBA4[PW11039{Sn(CsH4)1]?7-2%%

4 TBA®

U

“SnOI

W =3969.31 g/mol

1 g (0.31 mmol, 1 eq) de K7[PW11039].14H,0 are dissolved in 10 ml of distilled water. 0.228 g
(0.53 mmol, 1.7 eq) of ClsSn(CeHa)! are added to this solution and the mixture form a slurry which is
left under agitation for 15 min at room temperature. The pH is maintained at 3.1 with a KOH solution
(1 M). The mixture is centrifuged (10 min, 4000 rpm), filtered on membrane and 1.5 ml of distilled
water containing 507 mg of TBABr are added to the filtrate. The solution is centrifuged (10 min, 4000
rpm) and the solid is washed 3 times with 15 ml of ethanol and twice with 15 ml of diethyl ether

then, dried under vacuum. 958 mg (yield = 78%) of white powder are obtained.

Analysis

H NMR (400 MHz, CD3CN, ppm): & 7.88 (d+dd, Jun = 8.2 Hz, Jsnn = 31 Hz, 2H, Ar-H), & 7.49 (d+dd, Ju.n
= 8.2 Hz, Json = 93.5 Hz, 2H, Ar-H), 6 3.15 (m, 32H, N-CH2-CH2-CH2-CH3), 6 1.65 (m, 32H, N-CH2- CH2-
CH2-CH3), 6 1.41 (sex, J = 7.4 Hz, 32H, N-CH2-CH2-CH2-CH3), & 1.01 (t, J = 7.4 Hz, 48H, N-CH2-CH2-
CH2-CH3).

31p NMR (162 MHz, CD3CN, ppm): & =-11.64 (s, Jsnp= 23.5 Hz)
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1.2 - Synthesis of 1-(pyren-1-yl)but-3-yn-1-ol***
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W =270 g/mol

In a dry Schlenk under argon 300 mg (1.3 mmol, leq) of pyrene-1-carboxaldehyde are

dissolved in 5 ml of anhydrous THF, 130 mg (1.98 mmol, 1.53 eq) of Zn powder and 12.5 ul (0.1

mmol, 0.077 eq) of TMSCI are added to the solution. The mixture is stirred for 15 min before the

addition of 0.21 ml (1.94 mmol, 1.5 eq) of propargyl bromide. The temperature of the solution is

raised to 45 °C and stirred for 4 h. 1 ml of saturated NH4Cl in water are added to the solution and the

product precipitate. the product is extracted with 2 x 20 ml of ethyl acetate. The organic phase is

washed with 20 ml of saturated NaCl solution, dried on Na,SO,, filtered and the solvent evaporated.

The product is purified by column chromatography with ethyl acetate/petroleum ether (10/90,

15/85, 20/80). 219 mg (yield = 81%) of product is obtained as a brown/orange solid.

Analysis

'H NMR (400 MHz, CDCls, ppm): & 8.46-8.02 (m, 9H, Py), & 6.02 (m, 1H, HC(OH)CH,C=CH), 6 3.05-2.87

(m, 2H, CHCH,C=CH), 6 8.20-8.16 (m, 2H, Py), 6 2.72 (d, 1H, J = 3.3 Hz, OHCH), 6 2.18 (t, 1H,J = 2.61

Hz, CH=CCH,)
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244

1.3 — Synthesis of 1-(but-3-yn-1-yl)pyrene

=

W =253 g/mol

300 mg (1.1 mmol, 1leq) of 1-(pyren-1-yl)but-3-yn-1-ol are placed in a round bottom flask and
dissolved in 5 ml of dichloromethane. 1 ml (6.1 mmol, 5.52 eq) of triethylsilane and 1 ml (8 mmol, 7.3
eq) of BF3Et,0 are added to the solution and the mixture is stirred during 1h at room temperature. 20
ml of dichloromethane and 3 ml of saturated potassium bicarbonate solution are added. The organic
phase is washed 2 times with 20 ml of NaCl saturated solution and 1 time with 20 ml of distillated
water, dried on Na;SO, then the solvent is evaporated. The solid product obtained was purified by
column chromatography with ethyl acetate/petroleum ether (0/100 — 3/97). 105 mg (yield = 37.2 %)

of white powder was obtained.

Analysis

1H NMR (400 MHz, CDCls, ppm): 6 8.31 (d, J = 9.25 Hz, 1H, Py), 6 8.23-8.13 (m, 4H, Py), & 8.06 (s, 2H,
Py), & 8.05-7.99 (m, 3H, Py), 7.95 (d, J = 8 Hz, 1H, Py), § 3.64 (t, 2H, J = 7.76, CH,CH2), § 2.76 (dt, 2H, J
= 2.61 Hz, 7.76 Hz, CH,CH2C=CH), § 2.07 (t, 1H, J = 2.61 Hz, CH=CCH,)
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1.4 — Synthesis of TBA3 sEtsNHo.5[PW11039{Sn(C26H16)}] (TBA[KW(pyrene)])

W = 3983.9 g/mol
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TBA[K™(pyrene)]

In a dry Schlenk filled with argon, 200 mg (0.05 mmol, 1 eq) of PW1:*SnPhI.TBA, 2.3 mg (0.012
mmol, 0.24 eq) of Cul, 30.5 mg (0.12 mmol, 2.4 eq) of 1-(but-3-yn-1-yl)pyrene and 7.3 mg (0.01
mmol, 0.2 eq) of bis(triphenylphosphine)palladium(ll) are dissolved in 4 ml of dry and degassed DMF,
50 pl of triethylamine are added and the mixture is stirred during one night at room temperature. A
large excess of diethyl ether is added to the mixture to precipitate the product, the solution is
centrifuged and the supernatant eliminated. The solid is dissolved in a minimum volume of
acetonitrile, 25 ml of dichloromethane containing 250 mg (0.78 mmol, 15.5 eq) of TBABr are added
and the mixture is stirred for 5 min. The solution is centrifuged and the solid phase is eliminated. The
supernatant is concentrated under vacuum, and the pure product is precipitated with an excess of
ethanol, washed twice with an excess of EtOH and once with Et,0 before drying under vacuum. 173

mg (yield = 86.8 %) of a dry white powder is obtained.

Analysis

1H NMR (400 MHz, CD3CN, ppm): 6 8.5 (d, J = 9.36 Hz, 1H, Py), 6 8.31 - 8.22 (m, 4H, Py), 6 8.17 — 8.05
(m, 4H, Py), § 7.61 (d, 2H, J = 7.63 Hz, Ar), 6 7.38 (d, J = 7.38, 2H, Ar), 6 3.72 (t, J = 7.15 Hz, 2H, CH2-
CH2), & 3.13 (t, J = 8.40 Hz, 32H, O-CH2-CH2), 6 3.02 (t, J = 7.15 Hz, 2H, CH2-CH2), § 1.64 (m, 32H, N-
CH2- CH2-CH2-CH3), 6 1.40 (sex, J = 7.43 Hz, 32H, N-CH2-CH2-CH2-CH3), 6 1 (t, ) = 7.43 Hz, 48H, N-
CH2-CH2-CH2-CH3).

31p NMR (162 MHz, CD3CN, ppm): & = -11.56 (s, Jsnp = 23 Hz)
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1.5 — Synthesis of TBAsH3[PMo011035)*“°

\ ATBASH
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W =2683.42 g/mol

7.30 g (2.72 mmol) of H3[PMo01,040] are dissolved in 40 ml of distillated water. The solution
becomes yellow and acid (pH = 0). Lithium carbonate is added by steps to reach pH = 4.29, the
solution becomes light green. 18 g (0.056 mol, 20 eq) of TBABr are added to the solution and the
precipitated solid is filtrated and dried. The light green powder obtained is dissolved in a minimum of
acetonitrile and left for 24 hours to obtain the first fraction of pure product after a slow

recrystallization. Other fractions are obtained after more time.
Analysis

31p NMR (162 MHz, CD3CN, ppm): & = -1.69 (s)

NMR 31p

-4 -6 -8 [ppM]

W =3002.3 g/mol
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1 g (0.37 mmol, leq) of TBAsH3[PMo01,039] are placed in a dry Schlenk under argon
atmosphere and dissolved in 25 ml of dry acetonitrile and 0.1 ml (0.717, 20 eq) of freshly distilled
triethylamine are added to the solution. 245 mg (0.573 mmol, 2.1 eq) of Cl3Sn(CsHa)l are dissolved in
5 ml of dry acetonitrile in another dry Schlenk under argon atmosphere. This second solution is
transferred into the first one containing the POM and the mixture is stirred for 15 min. 361 mg (1.1
mmol, 3 eq) of TBABr are added and the product precipitates by addition of a large volume of
THF/Et,0 (50/50 in volume). After centrifugation, the solid is dissolved in a minimal amount of
acetonitrile, and the product precipitates by adding an excess of ethanol. The product is washed with
ethanol and then dissolved in acetonitrile (5 ml) and dichloromethane (25 ml) containing 414 mg
(0.28 mmol) of TBABr. The organic phase is washed three times with 40 ml of water, collected, and
concentrated using a rotary evaporator. The product precipitates by adding an excess of diethyl
ether. The solid is washed with ethanol 3 times and then with diethyl ether and dried under vacuum.

A light green powder is obtained (687 mg, 62%).

Analysis

1H NMR (400 MHz, CD3CN, ppm): 6 7.82 (d+dd, Jun =7.65 Hz, Jso =30.75 Hz, 2H, Ar-H), & 7.44 (d+dd,
Jin = 7.65 Hz, Jsnn =95.1 Hz, 2H, Ar-H), & 3.17 (m, 32H, N-CH2-CH2-CH2-CH3), 6 1.66 (m, 32H, N-CH2-
CH2- CH2-CH3), 6 1.43 (sex, J = 7.26 Hz, 32H, N-CH2-CH2-CH2-CH3), § 1.02 (t, J = 7.26 Hz, 48H, N-
CH2-CH2-CH2- CH3)

31p NMR (162 MHz, CD3CN, ppm): 6 = -3.09 (s, Jsnp = 35 Hz)
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1.7 — Synthesis of TBAs[PM011035{Sn(C13HsN)}]*"*

W =2977.4 g/mol

TBA[KM(pyr)]

200 mg (0.067 mmol, 1 eq) of TBA4[PM011039{Sn(CsHa4)l}], 3.2 mg of Cul (0.017 mmol, 0.25
eq), 7.3 mg of Pd(PPhs),Cl; (0.01 mmol, 0.15 eq), 20 mg of 4-ethynylpyridine hydrochloride (0.143
mmol, 2.13 eq) are dissolved with 4 ml of dry degassed DMF in a dry schlenk and stirred under argon,
50 pl of EtsN are added and the mixture is stirred overnight. 20 ml of diethyl ether are added to the
solution and a dark solid powder precipitate. After centrifugation, the solid is dissolved in a minimum
volume of acetonitrile, then 20 ml of dichloromethane containing 300 mg (0.936 mmol, 14 eq) of
TBABr are added to the solution and the mixture is stirred during 5 min, centrifuged for 10 min at
4000 rpm and the solid phase is eliminated. The supernatant is concentrated at the rotary
evaporator, the product is precipitated by addition of ethanol, centrifuged, washed twice with 25 ml
of ethanol and solubilized in 5 ml of acetonitrile. 1.2 eq of tetrabutylammonium hydroxide (0.081
mmol) are taken from a 1M solution of TBAOH in methanol and diluted 40 times in acetonitrile, then
added slowly to the solution containing the POM. The mixture is stirred during 5 min and 20 ml of
dichloromethane containing 300 mg of TBABr (0.94 mmol, 14 eq) are added. The organic phase is
washed 3 times with 40 ml of distillated water, the product is precipitated by addition of diethyl
ether in the organic phase and dried during 2 hours under vacuum. 123 mg (61% vyield) of the

product are obtained.
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Analysis

1H NMR (400 MHz, CD3CN, ppm): & 8.62 (d+dd, J = 5.08 Hz, 2H, Ar-H), & 7.74 (d+dd, Juw = 7.79 Hz,

Jsn-n = 96 Hz, 2H, Ar-H), & 7.65 (d, Ju-1 = 7.79 Hz, Jsnn = 34 Hz, 2H, Ar-H), 6 7.49 (d, J = 5.08 Hz, 2H, Ar-

H), 6 3.16 (m, 32H, N-CH2-CH2-CH2-CH3, CH2), 6 1.66 (m, 32H, N-CH2-CH2-CH2-CH3), 6 1.42 (sex, J =

7.02 Hz, 32H, N-CH2-CH2-CH2-CH3), 6 1.00 (t, J = 7.02 Hz, 48H, N-CH2-CH2-CH2-CH3)

31P NMR (162 MHz, CD3CN, ppm): & = -3.08 (s, Jsnp = 35 Hz)
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1.8 — Synthesis of TBAs[PW11039{Sn(C13HsN)}]*"*

4TBA

W =3944.41 g/mol

TBA[KY(pyr)]

200 mg of TBA4[PW11035{Sn(CsH4)I] (0.05 mmol, 1 eq), 3 mg of Cul (0.015 mmol, 0.3 eq), 7.5
mg of Pd(PPhs),Cl, (0.011 mmol, 0.22 eq) and 21 mg of 4-ethynylpyridine hydrochloride (0.15 mmol,
3 eq) are placed in a dry schlenk under argon and solubilized in 4 ml of dry degassed DMF, 50 ul of
ETsN are added and the mixture is stirred overnight. The product is precipitated by addition of diethyl
ether, centrifuged, and solubilized in a minimum of acetonitrile, then 25 ml of dichloromethane
containing 300 mg of TBABr (0.936 mmol, 18.7 eq) are added to the solution. The mixture is stirred
during 5 min, centrifuged, and the solid eliminated. The supernatant is concentrated with a rotary
evaporator and the product is precipitated by addition of ethanol and solubilized in a 5 ml of
acetonitrile. 0.5 eq of TBAOH 1M diluted 40 times in acetonitrile are added by a slow dripping, the
mixture is stirred during 5 min and the product is precipitated by addition of diethyl ether. After
centrifugation, the powder is dried under vacuum for 1 hour. 139 mg (yield = 70.2%) of powder are

obtained.
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Analysis

1H NMR (400 MHz, CD3CN, ppm): 6 8.63 (d+dd, Ju.x = 5.15 Hz, 2H, Ar-H), 6 7.8 (d+dd, Ju-n = 7.6 Hz,
Jsn-n = 35 Hz, 2H, Ar-H), & 7.7 (d, Ju-n = 7.6 Hz, Jsn.n = 92 Hz, 2H, Ar-H), 6 7.5 (d, J = 5.41 Hz, 2H, Ar-H), &
3.16 (m, 32H, N-CH2-CH2-CH2-CH3, CH2), 6 1.66 (m, 32H, N-CH2-CH2-CH2-CH3), 6 1.42 (sex, J = 7.05
Hz, 32H, N-CH2-CH2-CH2-CH3), 6 1.00 (t, J = 7.05 Hz, 48H, N-CH2-CH2-CH2-CH3)

31P NMR (162 MHz, CD3CN, ppm): & = -11.61 (s, Jsnp = 23 Hz)
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1.9 — Synthesis of TOA4[PW11039{Sn(C13HsN)}]

\41‘0A

W =4842.09 g/mol

TOA[K"(pyr)]

250 mg of TBA4[PW11039{Sn(Ci3HsN)}] (0.063 mmol, leq) are solubilized in 5 ml of
acetonitrile, 138.6 mg of tetraoctylammonium bromide (0.253 mmol, 4.01 eq) are added to the
solution and stirred during 5 min. 35 ml of distilled water slightly basified with 45 ul of KOH are
added to the mixture to precipitate the POM. After centrifugation, the viscous brown product is
solubilized in 5 ml of toluene and stirred, then 20 ml of cyclohexane are added to the mixture and
the POM precipitate. The viscous product obtained after centrifugation is dried under static vacuum

overnight. A brownish powder is obtained (189 mg, yield = 61.9%).

Analysis

1H NMR (400 MHz, CD3CN, ppm): & 8.62 (d+dd, J = 5.82 Hz, 2H, Ar-H), 6 7.8 (d+dd, J = 8.2 Hz, 2H, Ar-
H), 6 7.69 (d, J = 8.2 Hz, 2H, Ar-H), 6 7.48 (d, J = 5.82 Hz, 2H, Ar-H), & 3.14 (m, 32H, N-CH2-CH2-CH2-
CH3, CH2), 6 1.65 (m, 32H, N-CH2-CH2-CH2-CH3), 6 1.41-1.29 (m, 160H, TOA), & 0.93 (t, J = 7.03 Hz,
48H, N-CH2-CH2-CH2-CH3).

31P NMR (162 MHz, CD3CN, ppm): 6 =-11.63 (s, Jsnp= 23 Hz)
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1.10 — Synthesis of ethyl acetimidate hydrochloride CH3C(=NH)OC.Hs - HCI**®

°c1

@
NH,

I

W =123.58 g/mol

26.11 mL (0.5 mol, 1 eq.) of dry acetonitrile, 29.18 mL (0.5 mol, 1eq.) of absolute ethanol
dried on a molecular sieve and 40 mL of toluene were introduced in a 200 mL round bottom flask. 1.1
equivalent of HCl was bubbled in the solution during two hours. The temperature was held below 45
°C using an ice bath. The mixture was then stirred overnight. The product was obtained as a white

powder (yield 94%).
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Analysis

1H NMR (400 MHz, CDCls, ppm): & 12.45 (s, 1H, =NH,*), § 11.52 (s, 1H, =NH,*), 6 4.65 (q, ) = 7.1 Hz,

NMR tH
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2H, O-CH»-CHs), 6 2.49 (s, 3H, CHsC), § 1.5 (t, J = 7.05 Hz, 3H, CHsCH>)

1.11 — Synthesis of ethyl acetimidate CsHsNO?*®

NH

0

W =87.12 g/mol

43.2g (0.35 mol, 1 eq.) of ethyl acetimidate hydrochloride were added to a vigorously stirred
solution of dichloromethane (89 mL) and 72 g of potassium carbonate dissolved in 250 mL of water.
After 10 min stirring the organic phase was separated and the aqueous phase was extracted with 50
ml fresh CHCl, for another 20 min. The organic phases were assembled and dried on potassium
carbonate overnight in a refrigerator. The product was obtained as a colorless liquid after filtration

and solvent evaporation (yield 83%).
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Analysis

1H NMR (400 MHz, CDCls, ppm): & 6.8 (s, 1H, =NH1), § 4.12 (q, 2H, O-CH,-CHs), & 2.01 (s, 3H, CHsC), &
1.29 (t, J = 7.10 Hz, 3H, CH3CH,)

** CH,Cl; 6 5.3 ppm

NMR H * %
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* CHCI3 6 7.29 ppm

1.12 — Synthesis of 2,4,6-Trimethyl-1,3,5-triazine CsHoN3>*®

A

W =123.16 g/mol

16 mL (0.164 mol, 1 eq.) of ethyl acetimidate free base were placed into a round bottom

flask and stirred, 0.75 mL (0.0131 mol, 0.08 eq.) of glacial acetic acid were added dropwise and the
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mixture was left under stirring overnight, in a water bath at 30 °C. The mixture was allowed to stand
for 16 hours. The ethanol formed was eliminated using a rotary evaporator and the rest of the
solution was diluted with 3 volumes of CH,Cl, and the solution was filtered to eliminate the powder
that crystalized and then washed with a solution of K2CO3 to remove the residual acetic acid. The
organic phase was dried on Na2SO4 and the solvent evaporated. The product obtained was then

purified by distillation (yield 79%).

Analysis

NMR H
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8 [ 4 2 0 [ppm]

1H NMR (400 MHz, CDCls, ppm): & 2.62 (s, 9H, 3 CHs of the triazine ring). *CHCl;

1.13 - Synthesis of 3,5-bis(dodecyloxy)benzaldehyde

C1,H,50 OCy,H;s

W =123.16 g/mol

1g (7.44 mmol, 1 eq.) of 3,5-dihydroxybenzaldehyde and 6.16 g (44.6 mmol, 6 eq.) of

potassium carbonate were mixed in 30 mL of DMF. 4.5 mL (18.62 mmol, 2.5 eq.) of 1-
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bromododecane were added to the stirring solution and the mixture was refluxed during one night.
The K2CO3 was filtered and 30 mL of dichloromethane were added to the solution, the organic phase
was extracted five times with 70 ml of water, dried on Na25S04 and the solvent was evaporated. The
product was purified by flash chromatography (cyclohexane/dichloromethane) to obtain a white

powder (yield 81%).
Analysis

1H NMR (400 MHz, CDCls, ppm): & 9.91 (s, 1H, HCO), § 7.01 (d, j = 2.25 Hz, 2H, Ar-H), § 6.72 (t, j =
2.25 Hz, 1H, O-CH,CH,), 6 1.81 (sex, j = 6.93 Hz, 4H, CH,CH,CHs), & 1.41-1.25 (m, 36H, alkyl), & 0.90 (t,
j = 6.93 Hz, 6H, CH3CH,).

NMR tH
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1.14 — Synthesis of 2,4,6-tris((E)-3,5-bis(dodecyloxy)styryl)-1,3,5-triazine (Tz-C12)
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OC,Hys

OC,Hys
‘ OC),Hys
C12Hps0 7 | SN
=N
AN
Ci12Hp50 OCy,Hys

W = 1493.43 g/mol

Tz-C12

100 mg (0.81 mmol) of 2,4,6-trimethyl-s-triazine (1) and 1.54 g (3.25 mmol) of 3,5-
(tridecyloxy)benzaldehyde (2) were solubilized in 22 mL of freshly distilled dry THF, 273 mg (2.44
mmol) of t BUOK are added and the solution was refluxed during 16 hours. The mixture was allowed
to cool down to room temperature and 100 mL of cold ethanol were added. The product was
filtrated and the solid washed with cold ethanol. The product was purified by flash chromatography

(cyclohexane/dichloromethane) and a white powder was obtained (yield 73%).
Analysis

1H NMR (400 MHz, CDCls, ppm): 6 8.21 (d, J = 15.84 Hz, 3H, HC=CH-tz trans), 6 7.14 (d, j = 15.84 Hz,
3H, HC=CH-tz trans), 6 6.85 (d, j = 2.00 Hz, 6H, Ar-H), § 6.53 (t, j = 2.00 Hz, 3H, Ar-H), 6 4.02 (t, j = 6.54
Hz, 12H, OCH,), 6 1.83 (quint, J = 6.98 Hz,12H, OCH»-CH>-CH>), 6 1.5 (m, 12H, CH,CH.CH,), 6 1.43-1.25
(m, 96H, Alkyl-H),  0.90 (t, j = 7 Hz, 18H, CH3CH,). * H,0 ** CHCl;

13C NMR (100 MHz, CDCl3, ppm): 6 (ppm) 171.34 ppm (N=C-N), 160.64 ppm (0-C=C), 141.94 ppm
(Tz-CH=CH-C), 137.26 ppm (Ph), 126.56 ppm (Tz-CH=CH-C), 106.51 ppm (Ph), 103.58 ppm (Ph), 68.23
ppm (CH2-0), 31.9 ppm (-CH2-), 29.7 ppm (-CH2-), 29.65 ppm (-CH2-), 29.62 ppm (-CH2-), 29.60 ppm
(-CH2-), 29.40 ppm (-CH2-), 29.36 ppm (-CH2-), 29.27 ppm (-CH2- ), 26.08 ppm (-CH2-), 22.74 ppm (-
CH2-)

HRMS (ESI), m/z (%) calculated for CosH1sN3O6H: 1493.2771 [M + H]*; found : 1493.277
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1.15 - Synthesis of 2,6-Dibromoisonicotinic acid
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Br Br

N

X

=
HO O

W =280.90 g/mol

3.78 g (0.024 mol, 1 eq) of citrazinic acid are placed in a round bottom flask with 21 g (0.073
mol, 3.04 eq) of POBrs. The products are heated at 140 °C and HBr vapors are released. After 16
hours, the reaction is quenched with deionized water (strongly exothermic). The solid phase is
thoroughly washed with deionized water then placed in 100 ml of methanol and heated at 65°C. The
solution is cooled to room temperature, filtered and the solvent evaporated. The brown powder

obtained is washed with water and dried. 6.67 g of the product are obtained (yield = 99%).
Analysis

1H NMR (400 MHz, CDCls, ppm): & 8.09 (s, Ar-H). * methanol, **CHCls

NMR H
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1.16 — Synthesis of 2,6-Dibromo-4-pyridinemethanol

Br Br

N
X
Z

HO
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W =266.92 g/mol

2.81 g (0.01 mol, 1 eq) of 2,6-Dibromoisonicotinic acid are placed in a round bottom flask
under argon atmosphere and dissolved in 15 ml of freshly distilled THF. The solution is cooled at 0°C
and 15 ml of BHsTHF solution (1M, 1.5 eq) are added slowly. The mixture is allowed to return to
room temperature and stirred overnight. The reaction is quenched by a slow addition of deionized
water, and the pH is adjusted to 9 using saturated solution of K,COs. The mixture is extracted with 3 x
50 ml of dichloromethane, the organic phase is dried over Na,SO,4 and the solvent is evaporated. 2.19

g of powder are obtained (yield = 82%).
Analysis

1H NMR (400 MHz, CDCls, ppm): 6 7.48 (s, 2H, Ar-H), 6 4.74 (s, 2H, CH,), 6 2.22 (s, 1H, OH). *CHCls

NMR H

g 7 3 5 4 3 [ppm]

1.17 - Synthesis of (2,6-di(dodec-1-yn-1-yl)pyridin-4-yl)methanol
C1oH21 C1oH21
AN N Z
‘ X
=

HO

W =437.71 g/mol
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1 g (3.75 mmol, 1 eq) of 2,6-Dibromo-4-pyridinemethanol, 2.4 ml (11.23 mmol, 3 eq) of 1-
dodecyne, 140 mg (5% mol) of Pd(PPhs).Cl, and 37 mg (5% mol) of Cul are placed in a schlenk flask
under argon atmosphere. 5 ml dry and degassed DMF and 5 ml of freshly distilled EtsN are added and
the mixture is stirred during 12h. 30 ml of deionized water are added and the solution is extracted
with 3 x 30 ml of pentane; The organic phase is washed with water 2 x 40 ml, dried over Na,SO, and
the solvent is evaporated. The oily orange solid obtained is purified by flash chromatography

(cyclohexane/AcOEt 100/0 — 100/20). 1.28 g of product are obtained (yield = 78%).
Analysis

1H NMR (400 MHz, CDCls, ppm): 6 7.28 (s, 2H, Ar-H), 6 4.70 (d, j = 6.05 Hz, 2H, CH,), § 2.43 (t, j = 7.10
Hz, 4H, 2CH,-C=C),  1.86 (t, j = 6.05 Hz, 1H, OH-CH,), 6 1.63 (quint, j = 7.34 Hz, 4H, CH,-CH,-CH), &
1.45 (m, 4H, CH2-CH2-CH>), & 1.35-1.26 (m, 24H, Alkyl-H), § 0.90 (t, j = 7 Hz, 6H, 2CH3CH,).

- JJ,__JN L/UJ : H_)J{

7 6 5 4 3 2 1 [ppm]
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1.18 — Synthesis of (2,6-didodecylpyridin-4-yl)methanol

CioHys N\ CioHos

F

HO

W = 445.78 g/mol

2.02 g (4.62 mmol, 1eq) of (2,6-di(dodec-1-yn-1-yl)pyridin-4-yl)methanol and 483 mg of Pd/C
(10% W) (5% mol of Pd) are placed in a round bottom flask under argon atmosphere. 14 ml of dried
and degassed methanol and 14 ml of freshly distilled THF are added. H; gas is introduced through a
syringe and the mixture is stirred during 18h. 50 ml of dichloromethane are added and the solution is

filtered on celite. The solvent is evaporated and an orange oily solid is obtained. (2.05 g, yield 99.5%).
Analysis

1H NMR (400 MHz, CDCls, ppm): & 6.97 (s, 2H, Ar-H), § 4.71 (s, 2H, CH,), § 2.77 (t, j = 7.86 Hz, 4H,
2CH-CH,), 6 1.71 (m, 4H, 2CH,-CH,-CH,), & 1.41-1.25 (m, 36H, Alkyl-H), & 0.90 (t, j = 7.02 Hz, 6H,
2CH3CH,).

NMR H

7 3 5 4 3 2 1 [ppm]



1.19 - Synthesis of 2,6-didodecynepyridine-4-methanal

CioHys N\ CioHys

=
\O

W = 443.76 g/mol

15 ml of dichloromethane are placed in a round bottom flask and cooled to -78 °C and 1 ml of
(coCl)z (11.3 mmol, 5 eq) are introduced. 1.7 ml of dry DMSO (22.5 mmol, 10 eq) in 3 ml of dry
dichloromethane are added slowly to the solution. The mixture is stirred during 15 min, and a
solution containing 1 g of (2,6-didodecylpyridin-4-yl)methanol (2.25 mmol, 1 eq) in 50 ml of dry
dichloromethane are added slowly. The mixture is stirred during 30 min, 5 ml of freshly distilled EtsN
(15 eq) are added and the mixture is stirred for 30 more minutes at -78°C. The solution is allowed to
return to room temperature and 100 ml of water are slowly added, the organic phase is separated
and the aqueous phase extracted with 2 x 40 ml of CH,Cl,. The reassembled organic phases are dried
with Na,SO; and the solvent evaporated. The product is purified by flash chromatography

(cyclohexane/AcOEt 85/15). 720 mg of pure product are obtained (yield = 72.1%).
Analysis

1H NMR (400 MHz, CDCls, ppm): 6 10.05 (s, 1H, HCO), 6 7.37 (s, 2H, Ar-H),  2.88 (t, j = 7.83 Hz, 4H,
2CH,-CH.), § 1.75 (m, 4H, 2CH,-CH,-CH,), 6 1.42-1.24 (m, 36H, Alkyl-H), & 0.90 (t, j = 7.02 Hz, 6H,
CH3CH,).
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NMR H

10 8 6 4 2 [ppm]

1.20 - Synthesis of Hexaethyl (s-phenenyltrimethylene)triphosphonate
(0]
I
P

| \OEt
OFEt

W =528.45 g/mol

1g of 1,3,5-Tri(bromomethyl)benzene (2.8 mmol, 1eq) and 2.5 ml of triethyl phosphite (14.4
mmol, 5.1 eq) are placed in a round bottom flask. The mixture is heated at 140 °C and stirred during
12h. The product is purified by distillation under vacuum in a Kugelrohr (T=130 °C) to eliminate the
triethyl phosphite. A colorless liquid is obtained (1.48 g, yield 100%).

Analysis
1H NMR (400 MHz, CDCls, ppm): & 7.11 (m, 5H, Ar-H), & 4.00 (m, 12H, CH,), § 3.09 (d, j = 21.75 Hz,

CHa), 5 1.23 (t, j = 6.98 Hz, 18H, CH3CH,).
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NMR H

7 6 5 4 3 2 [ppm]

1.21 — Synthesis of 1,3,5-tris((E)-2-(2,6-didodecylpyridin-4-yl)vinyl)benzene

W =1397.43 g/mol

100 mg of Hexaethyl (s-phenenyltrimethylene)triphosphonate (0.189 mmol, 1 eq) and 260
mg of 2,6-didodecynepyridine-4-methanal (587 mmol, 3.1 eq) are placed in a round bottom flask
under argon atmosphere and solubilized in 5 ml of freshly distilled THF. The mixture is cooled to 0°C
and a solution of NaH (15.7 mg, 0.657 mmol) with 5% mol of 15-Crown-5 in 3 ml of THF is added

slowly and the mixture is stirred overnight. 25 ml of CH,Cl, are added to the solution and the organic
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phase is washed with 3 x 40 ml of water, dried over Na,SO, and the solvent evaporated. The product

is purified by a recrystallization in absolute ethanol.
Analysis

1H NMR (400 MHz, CDCls, ppm): & 7.64 (s, 3H, Ar-H), 6 7.33 (d, j = 16.28 Hz, 3H, HC=CH-tz), 6 7.11 (d,
j=16.28 Hz, HC=CH-tz), 6 7.08 (s, 6H, Py-H), 6 2.81 (t, j = 7.75 Hz, 12H, Py-CH-), 6 1.76 (m, 12H, Alkyl-
H), 6 1.45-1.22 (m, 98H, Alkyl-H), 6 0.88 (t, j = 7.00 Hz, 12H, CH3-CH>).

13C NMR (100 MHz, CDCls, ppm): 6 162.6 ppm (C=C benz), 144.80 ppm (C=C Py), & 137.6 ppm (C=C-
alkyl Py), 131.5 ppm (HC=CH benz), 128.04 ppm (Py-CH=CH-benz), 125.04 ppm (Py-CH=CH-benz),
117.11 ppm (HC=CH Py), 38.7 ppm (Py-CH3), 31.9 ppm (Py-CH,-CH,), 30.3 — 29.5 ppm (alkyl CH), 22.8
ppm (CH»-CHs), 14.1 ppm (CHs)

NMR tH

T T T T T T T T T T T
76 74 72 70 [ppm]

I
7 6 5 4 3 2 [ppm]

NMR *3C jmod

! . . . ! . ! . ! . ! ! . | !
160 140 120 100 80 50 40 20 [ppm]
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Il — Materials and methods

I1.1 — Materials

11.1.1 — NMR spectroscopy

'H and *3C spectra were recorded on a Bruker Avance Il Nanobay 400 MHz spectrometer equipped
with a BBFO probehead and using 5 mm diameter NMR tubes. Chemical shifts were quoted as parts
per million (ppm) relative to tetramethylsilane using the solvent signals as secondary standard. For

31P NMR, the reference is 85% phosphoric acid, measured using the substitution method.

Saturation transfer difference NMR spectroscopy was recorded on a Bruker 600 MHz

11.1.2 - IR spectrometry

The infrared spectra for powders are recorded for solid compounds diluted to approximately 2% by

weight in KBr pellets. The recording range is from 4000 to 250 cm™ using a JASCO FT/IR — 4100

spectrometer. The number of acquisitions for each spectrum is 32.

AFM-IR spectra are recorded on a Bruker IconIR spectrometer with a recording range from 900 to

1900 cm™. The frequency used for topography imaging is the tapping mode at 1.7 MHz, and the

mode at 280 kHz is used for detecting the IR signal.?’?

11.1.3 — UV-visible spectroscopy

UV visible spectra of all molecules were recorded on an Agilent Cary 5000 apparatus from 400 to 800
nm.

199



11.1.4 — X-ray photoelectron spectroscopy (XPS)

XPS analyses were performed using an Omicron Argus X-ray photoelectron spectrometer, equipped
with a monochromated AlKa radiation source (hv = 1486.6 eV) and a 280 W electron beam power.
The emission of photoelectrons from the sample was analyzed at a takeoff angle of 45° under ultra-
high vacuum conditions (<10-9 mBar). Spectra were carried out with a 100 eV pass energy for the
survey scan and 20 eV pass energy for the C 1s, O 1s, N 1s, Si 2p, Mo 3d, W 4f, P 2p, P 2s regions. The

spectra were fitted using Casa XPS v.2.3.18PR1.0 software (Casa Software Ltd, U.K.).

11.1.5 — Scanning tunneling microscopy (STM) and atomic force microscopy (AFM)

Scanning tunneling microscopy and atomic force microscopy were used to study the deposition of
the different molecules on HOPG substrate (Mateck, Germany). All experiments were performed
using 5100 AFM/SPM microscope system equipped with Keysight 1 um STM scanner and Agilent 90
um AFM. STM images were recorded in constant current mode, at air-solid interface and room
temperature using mechanically cut Pt/Ir (80 / 20) tips (GoodFellow, UK). The tip-sample bias voltage

was kept between - 1700 and - 1000 mV and the tunneling current setpoint between 10 and 16 pA.

AFM tips were purchased from Mikromasch Inc. The spring constant of the AFM cantilever was
around 40 N/m. All experiments were repeated several times with different tips, at different spots on
the sample, and the results presented in this article are representative and consistent with the more
comprehensive data set. The information obtained by STM or AFM is not directly presented as a
visually understandable image. The data treatment consists of image processing to optimize the

visual appearance. STM and AFM images were treated and analysed using the WSxM software.?’3

AFM-IR images were performed on Bruker IconIR using coated commercial AFM tips PointProbe®
Plus (PPP) coated with gold or platine and with a radius of curvature of 25 nm. All AFM-AR images are
made with taping mode.

I1.1.6 — Field emission scanning electron microscope
Sample surfaces morphologies were evaluated through Scanning Electron Microscope, thanks to a

Hitachi SU-70 FESEM (Field Effect Scanning Electron Microscope - Schottky type gun). Images were

obtained with this microscope at 5 kV high voltage electron beam and were acquired by an SE
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detector located inside the electronic column (called Upper detector by Hitachi). Low voltage
condition (5 kV) was selected in order to prevent in depth penetration of electrons so that
contribution of fine features at the surface would be enhanced in the image while preserving the
best limit of separation for the SEM. Note that the upper detector is devoted to pure secondary
electrons detection. Image contrast in that case is a mix of local electric conductivity, average atomic

number and morphology.

11.2 — Methods

I1.2.1 — Calculation of the TSB-C12 and ZnPc required to form a monolayer on 1 x 1 cm? HOPG
substrate

. 3v3 5
Area of hexagonal cell unit : A= —a

Where a=1.5nm=>A=5.85nm?(5.85x10* cm?)
There are 6 molecules of TSB in 5.85x107'* cm?

1 cm? = 1.026x10* molecules and 1 mol = 6.02285x10%3

molecules
1.026x10* molecules = 1.7 x10"° mol and Vgeposition = 5x107° L

SO:

__ 1.70x10"*%mol
© 5x1076L

C =3.4x 10" mol/L

and 1.7 x 10° mol/L for V =10 pL

Same area as before. A =5.85 nm? (5.85x10%cm?)

There is 1 molecule of ZnPc in 5.85x10*cm?

1 cm? = 1.71x10" molecules and 1 mol = 6.02285x10%
molecules

1.71x10* molecules - 2.84 x10 ' mol and Vgeposition = 2x10°° L

SO:

2.84x10"mol
=—————— =1.4x10° mol/L
2X1076L

and 1.96 x 10 mol/L for V=15 pL

C

11.2.2 — Calculation method of the complexation constant K of TBA[KMo(pyr)]-ZnPc with the Hill
equation
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An approximation is made by stating that the saturation of the solution is reached after the addition

of 20 equivalents of TBA[KM°(pyr)] to the ZnPc solution => all ZnPc are complexed.
The method is detailed below:
For an equilibrium [ZnPc] + [TBA[KM?(pyr)] = [TBA[KM°(pyr)]-ZnPc]

_ [TBA[KMo(pyr)] — ZnPc]
"~ [ZnPc][TBA[KMo(pyr)]]

A constant Y = coordinated species fraction is defined
For a total coordination of [ZnPc]=>Y =1

For no coordinationY =0

K[ZnPc][TBA[KMo(pyr)] -y = K[TBA[KMo(pyr1)]

Thus, Y = P eI+ KZnPATBAKMo(py )] 1+ K[TBA[KMo(py")]

2 K[TBA[KMo(pyr)] = ——

For [ZnPc] + n TBA[KM°(pyr)] = [TBA[KM(pyr)]-ZnPc]

[TBA[KMo(pyr)]—ZnPc]
" [ZnPc]+[TBA[KMo(pyr)]]™

and  K[TBA[KMo(pyr)]" = —

1-Y

=> ln(%)=an+nln[TBA[KMo(pyr)]] we plot the line ln(%) as a function of

In[TBA[KM®(pyr)]

if n = 1 complex formed with one TBA[KM°(pyr) and one ZnPc, if n = 2 the complex is formed with 2

TBA[KM°(pyr)] and one ZnPc

, y A 4 UV spectra -+~
= In the case of UV-visible — => Ao
1-Y ~ AA—AA
POM-ZnPc

With: = = - ’
A =A-Ag i, :

" Isobestic point ;
AA = Ao - A - T3

A

Figure 115 : Figure 1 : Schema of the the A, AO and Aee
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Line In[aaf{aas=-aa)) = f{in[TBA[KM(pyr]])
44

1A~ aa

y=10128x + 9,473

R* = 0.9979

In[TBA[KM{pyr)]

Figure 116: Line In(AA/(AA==-AA)) = f(In[TBA[KMo(pyr)])

11.2.3 — Sample preparation for AFM and STM

The deposition of the TSB-like molecules is made in toluene, except for the last AFM-IR experiment
(cf. Chapter I1. 1.3.3.5), and exclusively with a volume of 10 uL and a concentration of 10 mol.L™. For
ZnPc, the deposition is made in chloroform with a volume of 15 ulL and a concentration of 1.47 x 10°®
mol.L’t. For the POMs-ZnPc complex the deposition the deposition is made in a binary solvent
CH3CN/CHCIl; (30/70 in volume) with a varying concentration relatively of the POM to the ZnPc

molecule.

The depositions are made under ambient conditions with the posed substrate vertically. After the
deposition the sample is covered with a glass cup tow slow down the evaporation of the solvent and

allows the molecules to self-assemble.
For the deposition of the Keggin heteropolyacide HskM°, a Tz-C12/HOPG sample is immersed

vertically in a solution of 1 mM of HsKM® in acetonitrile during approximately one minute and
removed very slowly Figure.
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