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Abbreviations, notations & acronyms

ACN Acetonitrile

AIBN Azobisisobutyronitrile

AFM Atomic force microscopy

ATRP Atom transfer radical polymerization
BE Binding energy

CE Counter electrode

CNT Carbone nanotube

CPS Counts per second

Ccv Cyclic voltammetry

CvD Chemical vapor deposition

DFT Density functional theory

DI Deionized

DMF N,N-dimethyl formamide

DNA Deoxyribonucleic acid

DP, Number-average degree of polymerization
DSC Differential scanning calorimetry
EPR Electron paramagnetic resonance
ESI-MS Electrospray ionization mass spectroscopy
eV Electronvolt

FCC Face-centred cubic

FET Field effect transistor

FWHM Full width at half maximum
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GC
GCE
GC-MS

HEMA
HF

HFSC
HOPG

IR-ATR
IRRAS
ITO

LCSI
LFP

MBDT
MCT
MNP

NBDP
NBDT
NEDA
NHE
NMP
NMR

OCP
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Glassy carbon
Glassy carbon electrode

Gas chromatography - mass spectroscopy

Hydroxyethyl methacrylate
Hydrofluoric acid
Hyperfine splitting constant

Highly ordered pyrolitic graphite

Infrared-attenuated total reflection
Infrared reflection absorption spectroscopy

Indium tin oxide

Chemistry of surfaces and interfaces laboyator

Francis Perrin laboratory

4-methoxybenzene diazonium tetrafluoroborate
Mercury cadmium telluride

2-methyl-2-nitrosopropane

4-nitrobenzene diazonium perchlorate
4-nitrobenzene diazonium tetrafluoroborate
N-(1-naphtyl-4-diazo-4-nitrobenzene) ethylenediamin
Normal hydrogen electrode

Nitroxide-mediated polymerization

Nuclear magnetic resonance

Open-circuit potential
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PAA Poly(acrylic acid)

PBMA Poly(butyl methacrylate)

PE Polyethylene

PHEMA Poly(hydroxyethyl methacrylate)

PNP Polynitrophenylene

PS Polystyrene

PTFE Poly(tetrafluoroethylene) or Teffon

QCM Quartz crystal microbalance

RAFT Reversible addition-fragmentation polymeriaat
RMS Root mean square

ROMP Ring-opening metathesis polymerization

RT Room temperature

SAMs Self-assembled monolayers

SCE Saturated calomel electrode

SEC Size exclusion chromatography

SECM Scanning electrochemical microscopy

SEEP Surface electroinitiated emulsion polymeidrat
SEM Scanning electron microscopy

SERS Surface-enhanced Raman scattering

SI-ATRP Surface-initiated atom transfer radicalypoérization
SI-NMP Surface-initiated nitroxide-mediated polymation
SIP Surface-initiated polymerization

SIPP Surface-initiated photopolymerization

SI-RAFT Surface-initiated reversible addition-fragmation polymerization
SWNT Single-walled carbon nanotube
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TEAP Tetraethyl ammonium perchlorate
TEM Transmission electron microscopy
TEMPO 2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
TGA Thermogravimetric analysis

THF Tetrahydrofurane

ToF-SIMS Time of flight-secondary ions mass spesttopy

us Ultrasonication

uv Ultraviolet

uvo UV-ozone

VC Vitamin C or ascorbic acid

XRD X-ray diffraction

XPS X-ray photoelectron microscopy
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Chemicals

1. Diazonium salts

Full name Notation Structure Source
cl
3,4,5-trichlorobezene Homemade
diazonium - BFz. Ny cl (LCS)
salt tetrafluoroborate
Cl
#bromobenzene diazonium ariv—{ N Aldrich, 96 %
0
4-carboxybenzene i BF; 'N Homemade
diazonium tetrafluoroborate e oH (LCsSI)
__4-methoxybenzene MBDT  BRiIN, J Aldrich, 98 %
diazonium tetrafluoroborate
4-nitrobenzene diazonium . Homemade
clo; N NO
perchlorate NBDP 4 < > 2 (LCSI)
dnitobenzene dazonium  ngor s )wo,  Adich, o7 %
4-thiomethylbenzene i BEI N S/ Homemade
diazonium tetrafluoroborate 4 (LCsI)
4-trifluoromethylbenzene ) BE. N oF Homemade
tetrafluoroborate e 3 (LCSI)
2. Amines
Full name Notation Structure Source

3,4,5-trichloroaniline

4-aminobenzoic acid

4-nitroaniline

4-(thiomethyl)aniline

4-(trifluoromethyl)aniline

Cl

H,N

@

a

H,oN

o O
T

H,N NO

N

H,N

n

¢

H,N

@]
T
w

Aldrich, 97 %

Aldrich, 99 %

Aldrich, >99 %

Aldrich, 98 %

Aldrich, 99 %
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3. Reducing agents

Full name Notation Structure Source
HO.
O.
Ascorbic acid VC HO © Aldrich, >99 %
HO OH
i
Hypophosphorous acid AG, H//p\ Aldrich, 50 wt%
H OH
Iron powder Fe - VWR Prolabo
4. Solvents
Full name Notation Structure Source
Acetonitrile ACN CH-C N Aldrich, >99 %
. Aldrich,
Acetonitrile-¢; - CD~C N 99.8 atom %
Ammonium acetate - Ci@OO0,NH," Aldrich, >99.9 %
Deionized water kO DI - Millipore, 55M
. . Aldrich,
Deuterium oxide BO - 99.9 atom %
Diethy! ether - NN Aldrich
Ethanol EtOH < oH VWR, 96 %
Fluoroboric acid HBEF H*,BF, Aldrich, 50 %
Hydrochloric acid HCI H,CI VWR, 37 %
Methanol MeOH CH-OH Fluka
Nitric acid HNG H*,NO; Aldrich, >90 %
0
. . )J\ Carlo Erba
N,N-dimethylformamide DMF H ITI/ reagent99.8 %
Perchloric acid HCI® H*,ClO, Aldrich, 70 %
i
Phosphoric acid PO, Ho//P\OH Aldrich, >85 wt%
HO
. . " 2 Fischer Scientific,
Sulphuric acid HSOy 2H", SO ~05 0%
o}
Tetrahydrofuran THF { ] AnalaRNormapur
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5. Monomer/polymer

Full name Notation Structure Source
O /O\/\OH
2-hydroxyethyl methacrylate HEMA Aldrich, 97 %
\
o /O\/\OH _
Poly(2-hydroxyethyl PHEMA Aldrich, Mv ca.
methacrylate) \4/ 20,000
n
6. Substrates
Full name Notation Structure Source
. CERAC TM Inc,
Chromium Cr - 99.99 %
. Neyco,undoped, 1-
Germanium wafer Ge - 30 jom
Williams Advanced
Gold Au ) Materials,99.99 %
Nickel Ni - Marz,99.995 %
Polyethylene disk PE /N/n -
Platinum Pt - Marz,99.99 %
Silicon wafer Si - ITME, N-type (100)
Undoped and N-doped TiO; - Homemade (LFP)
titanium oxide
Evonik Degussa,
Titanium oxide P25 Ti® - A25nm, 80-20%
anatase-rutile
7. Supporting electrolytes
Full name Notation Structure Source
Magnesium sulphate MgSO Mg®*,SQ> Aldrich
Potassium bromide KBr XKBr Aldrich, >99 %
Potassium chloride KCI KCI Fluka
Tetraethylammonium TEAP /\N/\ clo; ACIOS

perchlorate
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8. Others
Full name Notation Structure Source
N7 g
. Homemade
2-methyl-2-nitrosopropane MNP 4\ (LCSI)
(lj_
2-methyl-27n|trosopropane MNP dimer J\ N Aldrich
dimer lﬁl+
o)
HO.
O __o
3-O-arenediazoascorbic acid Diazoether "o Homemade
(LCSI)
N—O OH
OZN@N//(E)
4-hydroTEMPO - HOQ'O Aldrich, 97 %
4-nitrophenol - HO@NOZ Aldrich, >99 %
Hydrobromic acid HBr HBr Aldrich, 48 %
H H
Hydrogen peroxide D, ‘o— o\\ Aldrich, 35 wt%
N-(1-naphthyl) ethylene NEDA y ) O Aldri
A . . rich
diamine dihydrochloride ()
, 2HCI
Nitrobenzenethiol - HS@NOZ Aldrich, 80 %
Nitrosonium . ; . 0
tetrafluoroborate NOBF, NO",BF, Aldrich, 95 %
Sodium nitrite NaN@ Na' ,NO, Fluka

Trifluoroacetic anhydride

F Aldrich, >99.9 %

(0] (0]
F F F F

16



INTRODUCTION






Introduction

Products and materials coated with organic filneswdiquitous in everyday life. Indeed, the
surface functionalization of materials is a verywvpdul tool since it permits to combine the
bulk properties of materials and the propertieshef coatings. It plays an important role in
many industrial fields, for instance, paints andnighes used in the automobile industry for
preventing corrosion, non-toxic coatings in the domdustry (e.g. non-stick cookware),
lubricant coatings for electrical connectors, weesistant and biocompatible coatings for
medical devices and implants... In all applicatjoti® coatings must be stable under harsh
conditions, exhibit the required adhesive propsriEotect substrates against corrosion for long

periods, be either hydrophilic or hydrophobic dadt but not least, be safe for users.

Therefore, for almost a century, important work heen made in order to bring new
properties to materials and nowadays surface nuadiifin of materials is more than ever a very
attractive research subject related to a varietprofnising industrial applications. In view of
the increasing demand for surface-modified matgriarious functionalization techniques were
developed depending on the type of material to bdified and the nature of the coating to be
added.

Numerous methods are commonly used for the formatfoorganic coatings on surfaces
classified as physisorption and chemisorption tephes (respectively creating a weak chemical
and a true chemical bonding between the organigpooents and the substrate) or classified as
“grafting td (polymer chains are initiated in solution and ateavith functional groups
previously immobilized on the substrate) agddfting froni (the polymerization is initiated on
the surface from initiators previously attached thie substrate) processes. They include
spin-coating, grafting of self-assembled monolayd®AMs), cathodic electrografting,
surface-initiated polymerizations and surface ebtecitiated emulsion polymerization (SEEP).
Most of these techniques generally require theofigeganic solvents which make them poorly
advisable from an environmental point of view. Hoee the recent development of the SEEP
process was a real progress in the surface furadization field. Indeed, deriving from cathodic
electrografting of vinylic monomers, the SEEP pssckeads to the formation of grafted organic
films on semi-conducting or conducting surfacesvater. It overcomes the limitations of the
cathodic electrografting (drastic experimental ¢oons and restrictive range of monomers) and
the other functionalization techniques by combinglgctroreduction of aryl diazonium salts
and radical polymerization in dispersed aqueousitmedHowever, it still has some limitations

related to its electrochemical nature, since tinetfonalized substrate has to be conductive.

In this context, in 2007, an innovative process tloe functionalization of materials by
organic coatings has been developed in our labgratdlso based on the reduction of
diazonium salts, it consists in performing thisctean chemically thanks to the addition of a

reducing agent in solution (redox process) in preseor absence of a vinylic monomer. It is
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Introduction

thus no longer limited to semi-conducting or corithge substrates but can be applied to any
type of materials. As a new technique, there wasahneed for a better understanding of the
grafting mechanism. Moreover, it was also interggto test this process regarding applications.

This study has been divided as follows:

In the first chapter presenting the context of #iigdy, typical functionalization methods of
organic coatings leading either to non-polymer tayar polymer films will be detailed. The
principle, the substrates, the type of coating iokthas well as the advantages and limitations

of each technique will be underlined.

The second chapter aims at presenting the genesisttee principle of the chemical
anchoring process based on diazonium salts, taalafid characterize its main components i.e.

the diazonium salt, the reducing agent, the vinylanomer and the substrates.

The following chapter is a study of the most basiaction i.e. the spontaneous grafting
(from solution only containing the diazonium saltj. will first deal with the various
mechanisms proposed in the literature accordinthéosubstrate and to the work aiming at
demonstrating the covalent nature of the subssatiace bonds. Then, it will focus on our
attempts to reveal such bonds and the explanafidheospontaneous grafting mechanism on

gold substrates.

The fourth chapter, which is dedicated to the stoifhe reaction when a reducing agent is
added in solution (redox-induced grafting), wilaigtwith the investigation of the chemical
composition of the organic grafted films and thedst of the effect of the variation of
experimental parameters. Then, thanks to dual aexdalution analyses, an explanation of the

grafting mechanism will be proposed.

In the fifth chapter, the redox-induced grafting presence of a vinylic monomer
(Graftfast™ process) which leads to the grafting of polymémsi on any type of materials will
be investigated. The films will be deeply charaetst in terms of composition, structure,
morphology, homogeneity, thickness and a wide raofgexperimental conditions will be
explored. Subsequently, by combining surface wallat®on analyses, a grafting mechanism for
the formation of those polymer films will be esiahéd.

To finish, the last chapter will be devoted to alipninary study consisting in evaluating the
tTM

feasibility of grafting a polymer layer (by the @fast ™ process) on Ti@nanoparticles which

will be used in sunscreen products for filtering AJ¥s well as UVB radiations.
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The surface modification of materials is a way éonbine bulk properties (e.g. mechanical,
electrical or optical) with the appropriate surfgm@perties (for instance protection against
corrosion, hydrophobicity/hydrophilicity, biocompgatity, adhesion, wear resistance...).
Tailoring the surface properties of materials bgamic coatings is of great interest from an
industrial point of view. Therefore, a wide rangetechniques has been developed. Among
requirements for organic coatings, the stabilitdemusage conditions, which strongly depends
on the actual bonding between the substrate anddang, is the most frequent. The known
methods producing organic films on substrates tawe tisually classified according to the type
of interactions (weak or strong) between the sabstand the organic film i.e. the kind of bonds
provided at the interface. “Soft methods” givindyoweak chemical bonds between the organic
components and the substrate can be gathered asqipfion techniques. On the contrary,
chemisorption methods include grafting techniguesvhich the organic layer is covalently

bound to the substrate.

In this chapter presenting the context of our studg will focus on the main surface
functionalization techniques leading to either pafymer organic filmSor polymer films on

flat surfaces.

.1 - Non-polymer organic coatings

Various methods provide non-polymer organic filddée will in particular deal with the
chemical vapor deposition technique or the LangfBlodgett method which both give
physisorbed films. Based on stronger interactiogtsveen the organic layer and the substrate,
the formation of self-assembled monolayer will atso described. To finish, we will present

oxidative as well as reductive electrograftingshmoes to prepare chemisorbed films.

I.1.1 - Vapor deposition
Physical or chemical vapor depositioh(respectively PVD and CVD) is typically used for
inorganic coatings (ceramics, silicon carbide,ichs, metals) but can also be applied to small
organic molecules, for example, in the fabricatmnorganic thin-film transistors, organic

light-emitting diodes and organic photovoltaic sell

In a typical CVD process, the substrate is expdeeprecursors in gaseous phase which
react and/or decompose at the surface of the stdeading to the formation of the deposited
film (Scheme 1). Soft conditions (low pressureslfiidneating) are generally chosen to prevent
thermal degradation of the organics during vaptiomaand retain the molecular properties in
the final film. Hence, in the case of organic cogs, only weak interactions can be created

between the molecular film and the substrate.

In some cases, polymer-like films can also beinbthby those methods.
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.........................

Reactants | 2) Reactions in the
gaseous phase !

Deposition

3) Surface reactions
Growth of the film

Scheme 1- Principle of the chemical vapor deposition psscextracted from Roucoules’s wark

Vapor deposition works under vacuum and providasftims from gaseous precursors. This
technique is limited to organic coatings that ase prone to mechanical or thermal constraints.
Moreover, vapor-deposited films can locally be hygirystalline but are often prone to defects

such as grain boundaries or cracks.

I.1.2 - Langmuir-Blodgett technique
The Langmuir-Blodgett technique was developed i841By |. Langmuir and K. Blodgett,
pioneers in the field of surface functionalizatioy organic layers Historically used with fatty
acids on glass, it was adapted to other amphiphilgtems (surfactants, lipids...). However,
nowadays the use of Langmuir-Blodgett techniqueyidened to non-amphiphilic systems of

different types such as nanoparticles, polymersiological objects.

This principle of this technique is based on thgaarisation of the amphiphilic molecules at
the water surface according to the affinities othbparts of the molecules. The solution
containing the molecules of interest is depositedroplets at the water surface. The molecular
density at the air-water interface is adjusted bgnipulating PTFE moveable barriers. By
moving closer the two barriers, the film is comgezswhich changes the surface tension of the
air-water interface and leads to a vertical andemd organisation of the molecules. The
so-formed monolayer, called Langmuir film, can bensferred to a flat solid support by an
upstroke of the immersed substrate through the tagap (Scheme 2). During the vertical
transfer, the surface pressure of the monolay&ejig constant by automatically compressing
the film by the barriers to account for the matdnas. According to the nature of the substrate
(hydrophilic or hydrophobic), two types of struaarcan be obtained. In the case of hydrophilic
substrates (glass, silicon wafers...), the monolayi#rbe transferred with the polar heads of
the molecules in contact with the substrate (agesgmmted on Scheme 2). Concerning
hydrophobic substrates, the aliphatic tails getdntact with the substrate during the transfer

step. By performing multiple immersions of the dudie, the two effects described above
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combine. It conducts to the successive depositiotayers at the air-water interface when

inserting or withdrawing the substrate and thuddda the formation of multilayers films.

|

Contact line

Monolayer
film

Sliding

Adgueous phase  Solid substrate
- d P - barrier

Scheme 2- Hydrophilic Langmuir-Blodgett transfer onto atfolid substrate extracted from
Roucoules’s work

The Langmuir-Blodgett technique leads to thin amiform organic films of controlled
thickness and high degree of structural order aithexcellent reproducibility. Such films can
exhibit various properties (electrical, biologicghhotochemical...) and many possible
applications have been suggested over Jeliswever, the main drawback of those films is
linked to their weak mechanical and thermal resistaas well as the possibility to wash them

off the substrate easily with usual organic solgent

.1.3- Self-assembled monolayers

Since almost thirty years, an easy method to peethéin and organized organic films called
self-assembled monolayers (SANIS$ available. Contrary to the Langmuir-Blodgetims
obtained through a mechanical process, SAMs araddrspontaneously by simply immersing
the appropriate substrate into a solution of thefase-active material Those precursor
molecules have a characteristic structure leadintipé molecular orientation of the films. As
represented on Scheme 3, the molecules are uswatigosed of an interface group and a head
group (capable of specific interactions with théstrate) linked by an alkyl chain (or other
molecular skeleton). The driving force for the Sjaorous formation of the 2D assembly
includes chemical bond formation of molecules wiith surface and Van der Waals interactions

between neighboring chemisorbed molecules.

Air-monolayer interface grou <«— Groups-specific interaction
Alkyl group Intermolecular interactions (Van der Waals

Surface-active head gro Chemisorption at the surface

Scheme 3- Representation of the theoretical structure SAM.
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According to the nature of head group/substratepleowarious types of SAMs can be
obtained. The most commonly studied are: alkanksthiB-SH) or sulfides (R-S-S-R and

R-S-R) on gold and silv&ralkoxysilanes on oxid&sand alkenes on silicoh

Since their discovery in 1983 by Nuzzo and Alt4r&AMs of thiols and dialkyldisulfides
on gold surfaces have constantly attracted a gnesest. Investigations showed that long thiol
chains (C18) tend to give film with a thicknessseldo molecular monolayer (<10 nm) and with
a stable and organized structure (allowed fromvikak Au-S bond). Moreover, it has been
demonstrated that the alkyl chains form an indamtangle of 20-35° with the substrite
(Scheme 4). To date, the formation mechanism amdalture of the bond between the thiol and

gold are not yet fully understood.

Scheme 4- Structure of a self-assembled monolayer of aizinls*.

In the case of SAMs of alkoxysilanes on oxides, phecess can be decomposed in two
steps® as represented on Scheme 5: (i) the organosiéahgdrolyzed by water which is either
pre-adsorbed on the surface or present in the ioared (i) the hydrolyzed silanol is adsorbed
via hydrogen bonds and can react with the surfdeedd groups at the surface to form a

siloxane SiO-Si bond.

(i)

(ii)

Scheme 5- Formation mechanism of SAMs of alkoxysilanessitina from Duchet’s work.

Self-assembly is a very attractive technique fer fdirmation of organic coatings. Indeed, it
combines low-cost processes, soft conditions thexrgmt degradation of the coated molecules
and spontaneous formation of chemical linkages &éetvthe molecules and the substrates. Very

stable coatings are obtained with silanes on oxateb alkenes on silicon. In contrast, noble
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metals with sulphur-containing molecules give wdmmnds that can be easily broken under
harsh conditions (high temperature, oxidative a@lucotive potentials, solvents...). Multilayers
can be obtained by sequential steps but self-aggasthe method of choice for the synthesis
of molecular-thick films for a use under moderataditions with potential applications, for

instance, in surface passivation, microlithogrdpby molecular electroni¢s

I.1.4 - Oxidative electrograftings
On top of the well-known methods for surface fumadlization with non-polymer organic
layers, oxidative electrograftings also appearealsie for such purpose from different
reagents: Grignard reagents, carboxylates, amiméslaohols. As deeply described in terms of
mechanism as well as applications in the receniewevby Bélanger and Pinson on

electrograftind®, those methods for surface modification will bpidly presented.

1.1.4.1 - Grignard reagents
Anodic electrografting of Grignard reagents (RMdXs been investigated on silicon (SiH
surface obtained by HF or NH treatment). In order to avoid the oxidation of &iperiments
are performed in oxygen-free conditions. Moreows,Grignard reagents react rapidly with
water, work is performed is an anhydrous environmeérhose particular experimental
conditions constitute the main drawback of thiditegue. However, SiH surfaces have already
been successfully modified by a large range of i@rig reagents with a metfylalkyl’, aryf*

(giving polymer-like grafted films) or vinyl andretnyl** > (giving polymer films) skeleton.

A simplified electrografting mechanism is present@dScheme 6. The first step consists in
the oxidation of the organomagnesium compound antadical (Scheme 6i). The alkyl radical
R may abstract a hydrogen atom from the hydrogensilexbn surface (Scheme 6ii). The
so-formed radical at the surface can then reatt thi2¢ Grignard reagent or another(8cheme
Giii).

(i)
(ii)
(iii)
or

Scheme 6- Oxidative electrografting of alkyl Grignard resngs on Si extracted from Etcheberry and
coworkers’ work’, (h* = hole).

1.1.4.2 - Carboxylates
Only described on carbon (for instance glassy cegrbmarbon fibers), the oxidative
electrografting of carboxylates leads to the foramatof an attached organic layer. The
mechanism of this process is based on the Kollgiosa(Scheme 7) which provides dimers by

electrooxidation of carboxylates. However, the glgrafting mechanism needs to be clarified.
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Indeed, the growth mechanism of the layer has aehlully explained and questions remain

on the involvement of radicals or carbocationshmgrafting reaction.

Scheme 7- The Kolbe reaction extracted from Pinson’s rexie

1.1.4.3 - Alcohols
The oxidative electrografting of some alcohols (seterences 82-100 herein Pinson’s
review’®), for instance, 1-octanol, 1-alkanediols, triethylene glycol, polyvinylalcohplin
acidic solution (Scheme 8) or aqueous Li¢CEbdlution, leads to the formation of an organic

layer on carbon (a polymer film is formed only whesing the latter reactant).

Scheme 8- The electrooxidative grafting of alcohols ontiar extracted from Pinson’s reviw

Although not deeply investigated, the mechanisnthi$ process may be based on the
oxidation of the aromatic moieties at the surfatearbon which forms radical cations that
undergo a nucleophilic attack by alcohols. Thishudthas already been applied for instance to

create sensors and limit the adsorption of proteins

[.1.4.4 - Amines
The oxidative electrografting of amines is an igesible one-electron redox process leading
to the formation of covalently bound thin orgardgérs resisting to ultrasonic clearii@. The
efficiency of the electrografting is dependent ba tedox potential of the amine, which means
primary amines give better results than secondarg tertiary ones. Concerning the
electrografting mechanism, recent investigafiohsve proposed that the initial radical cation
(formed by oxidation at the electrode) deprotonatass providing a radical carbon and then an

aminyl radical able to attach to the surface (Sahéim

Scheme 9- The oxidative electrografting mechanism of ammiertracted from Pinson’s reviétv

The large variety of amines commercially availadted the possibility to work in many
solvents make this process very versatile. N-medifsurfaces have already been used for
example to develop #, biosensors, pH prob®sor for the immobilization of DNA and
proteind®. However, as for the oxidative electrografting azrboxylates and alcohols, the

method suffers from the limited number of subsgadapted for the reaction i.e. substrates
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withstanding harsh oxidative conditions (> 1 V/S&F aliphatic amines in aprotic meéip

which are, in this case, limited to carbon, gold atatinum.

I.1.5- Reductive electrograftings
To finish the non-exhaustive presentation of thehmégues of surface modification by
non-polymer organic coatings, we will succinctlytroduce the reductive electrografting
methods of alkyl halides and various onium saltth i strong focus on the electrografting of

diazonium salts.

1.L1.5.1 - Alkyl halides
The electrochemical reduction of alkyl halides offanteresting possibilities for the
synthesis of strongly attached alkyl layers. Effitiin aprotic medium, it was subject to many
investigations with a large variety of moleculesaiinfy alkyl bromides and iodides) and on
many substrates: glassy carbon, porous hydrogesdtesh and metals (Au, Fe, Cu, Ag, Pd).
In particular, the alkylation of Si surface was whoto improve the chemical stability of the

modified surfaces (against oxidation and corroson)

No general mechanism has unfortunately been prdpdse that process, but a few
assumptions can be made (see the electrograftingwdor a discussion on the mechanism
according to the experimental conditiiysBriefly, the first step consists in the reduntiof the
alkyl halide at the electrode which forms the cgpanding radical. The second step is likely to
be the grafting of this radical onto the surfaceibhilsome cases, it could also be a reduction of

the radical leading to the corresponding anion.

[.1.5.2 - Onium salts (in particular diazonium salts)

The electrochemistry of ammonium, phosphonium, osilim, bromonium, iodonium,
xenonium, stilbonium and diazonium salts has bewerestigated in specific experimental
conditions: solvents, substrates, potentials, teatpees, etc (references 665-699 in Pinson’s
review on electrografting). Various mechanisms have been proposed accotditite onium
salts considered and the electrografting conditiokesnonium salts are powerful oxidant,
stronger than diazonium salts while phosphoniurts sak the least oxidant of all. In the case of
the electrografting of bromonium, iodonium saltsl @azonium salts, it is likely that a similar

mechanism is involved.

As aryldiazonium salts (RH -R) are the molecules at the heart of this workijrtheductive
electrografting will be more detailed. Since thestfireport in 1992 by Delamar, Hitmi, Pinson
and Savéant on carbon surficehe electrografting of diazonium salts has beétely and
deeply reviewed (Downatt Tessiet, Pinson and colf® *?and references 233-243 herein the
last review quoted). To date, the techniques haen lextended to a large number of surfaces

which can be classified in five groups:
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- Carbon surfaces (glassy carbon, highly orderedlyyecographite (HOPG), graphene,

carbon fibres, carbon blacks, carbon nanotubep; €

- Metallic surfaces (noble met&fé® Pt, Au and other metdfs*’™* Co, Fe, Cu, Zn, Ni,

Pd),

- Semi-conductors (8*® GaAs®, diamond®, TiO,),

- Organic surfaces (TeflGfY,

- Conductive oxides (IT8).

In addition to the diversity of substrates, the oeltis also very interesting thanks to the
large amount of functionalities available, the digity of synthesis of the precursors and their
low potential of reduction (0.2 to -0.5 V/SCE adating to the type of substituent of the
aromatic ring in organic solvent). Indeed, diazomisalts are easy to synthesize (eiesitu®®
583 from the corresponding amines giving a large cladn substituents particularly para of

the aryldiazonium cation (see 11.3.1.1 for moreadls}.

According to the experimental conditions (solvexuhstrate, reaction time, concentration in
diazonium salt and potential), the thickness ofgfadted films varies from a monolayer of aryl
groups to a few hundred nanometer-thick film. Ire datter case, the films obtained are
multilayers of phenyl groups which can be considei@ntamount to a polymer-like film of
polyphenylene. In all cases, the film is stronglgfted on the substrate. The covalent nature of
the interface aryl-substrate bond has been denatedtiseveral times by more or less direct
techniques (see 111.2.1.3 for an overview of thegslies).

Usually performed in acetonitrile (ACN), this react can also be conducted in agueous
acidic solutions or ionic liquids. From a mechanigbint of view, it was demonstrated that the
electrochemical reduction of the diazonium saltiteto the formation of aryl radicals able to
graft on the electrode (Scheme 10). In the growtltgss of the films, the aryl radicals react on
top of each other by radical aromatic substituti@fdV.2.3.2). Therefore, the electrografting of
polyaryl films follows a chemical radical chain pess equivalent tagtafting froni. However,
variations in grafting mechanism can be observedraing to the nature of the substfa(e.g.

hydrogenated monocrystalline surface of Si(191)

1ol 0o

Scheme 10- Principle of the reductive electrografting o&zibnium salts from Tessier's wdtk

The molecular reductive electrografting of diazeonisalts has been investigated with a view
to numerous applications, for instance, protectamainst corrosiof, chemical sensors,

attachment of biomolecules, microelectronics (séerences 473-650 in Pinson’s last revidw
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Recently, some authors have reported the spontangmfting (without the use of a
potenstiostat) of aryl radicals on various subefdly simple immersion of the samples. This

method will be described in details in chapter Il

To summarize, the covalent electrografting of dmuzm salts has attracted considerable
attention in the last few years due to the numeaalveintages of this method: low cost, rapidity,
easiness to set up, diversity of the functionsite tp the substrate and large number of possible

substrates.
.2 - Polymer organic coatings

Let’s now focus on the most common methods empldgadodify the surface of materials
with polymer coatings including physisorption aslives chemisorption techniques. We have
split them in two parts depending on whether tres@nce of a primer layer on the substrate is

required in the process or not.

[.2.1 - Direct methods
In this section, various methods allowing the difecmation of polymer films (i.e. straight
on the substrate) will be presented such as thecspiting, dip coating, spray coating and layer
by layer coating which all lead to physisorbed pody films, but also plasma polymerization
and electrochemical processes (electropolymerisatid conducting polymers, cathodic
electrografting and diazonium based electrograftmgresence of vinylic monomers) which

provide covalently grafted polymer films.

I.2.1.1 - Spin coating
Spin-coating is the most widely used technique doganic coating based on polymer
solutions particularly for industrial applicationdor instance, photosensitive resins in
lithography for microelectronics, antireflectionatimgs for flat-screen displays, television tubes

and compact discs.

The technique is very simple to set up and itsqgipie is explained on Scheme 11. An
excess amount of the coating solution is depositethe substrate which is then accelerated in
order to spread the solution thanks to centrifdigade. Although the spreading phase only lasts
a few seconds, the rotation is maintained longerder to evacuate the solution at the edges of

the substrate and to reach the desired thickness thie solvent simultaneously evaporates.

. Air flow
Angular velocity .
Regular Evaporation
* liquid flow
_— Emm— e

Scheme 11 Principle of the spin-coating technique.

31



Chapter | — Surface functionalization by organiatiugs

This technique reproducibly leads to thin polymimg$ on flat surfaces with controlled
thicknesses. The characteristics of the deposiiéd {particularly the thickness and
homogeneity) depend on parameters such as therotate, the temperature, the concentration
of the solution, its viscosity, the volatility die solvent or the atmosphere. Typically, the film
thickness ranges from 1 to 200 um. However, thinilers can be produced with dilute
solutions and high spinning rates. In comparisoatb@r coating techniques, spin-coating has a
major advantage since it can be performed on lsugces (with limitations on high roughness
substrates) while still giving continuous and hoergus films. Since the organic film is only
physisorbed on the substrate and can be removeihdigg in a good solvent of the polymer,
the spin-coating technique is mainly ideal for temspy organic coatings as in the case of

lithographic resins.

1.2.1.2 - Dip coating
The dip-coating technique is a very often used pttio obtain thin polymer films (up to a

few hundred micrometers) on flat or cylindrical strbtes. It consists in simply immersing the
substrate in a solution of the coating polymer. Todymer layer is deposited when the
substrate is removed from the solution and the frformed after evaporation of the volatile
solvent (Scheme 12). This reproducible techniqaddeo the formation of homogeneous films.
The thickness of the polymer layer can be controtlg taking into account the characteristics
of the solution (viscosity forces, surface tensivgporation speed of the solvent) as well as the
withdrawing speed of the substrate from the satutithe faster the substrate is removed, the
thicker the polymer film.

Withdrawal
speed v Substrate

x Thickness

%
T

Evaporation

Meniscus

Sob

Scheme 12- Principle of the dip coating technique extradteth Roucoules’s work

1.2.1.3 - Spray coating
Spray coating is a technique widely used in theusty to apply coatings, paints,
disinfectants, cleaners, chemicals in particuldympers, powders or other industrial materials to
surfaces with a high accuracy, reliability, repbdiiy and efficiency. However, similarly to the
two methods presented above, the films can be redhfseam the substrate by simply washing it

with the appropriated solvent.
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In the case of spray coating of fluids, a spray igumsed to produce the spray by forcing the
fluid under high pressure through a small nozzle.aAresult of the friction between the fluid
and the air, the fluid breaks into fragments arghttroplets which are blasted on the substrate
(Scheme 13). The factors affecting the deposittmtude the atomizer orifice size and shape,

the fluid pressure and the fluid viscosity.

Substrat
Atomized fluid
\

Nozzle o g

Scheme 13- Fluid atomization process in spray coating.

1.2.1.4 - Layer by layer coatings
Layer by layer deposition was discovered by Dedhéhe early nineti€d ® It leads to the
formation of mixed polymer films by using a coupliepolymers which can, in contact, develop
specific interactions, for instance, hydrogen boondlectrostatic interactions in the case of
polyelectrolytes. Easy to set up, this processldeen largely applied notably in the field of
light-emitting diode® and biomateriafé.

The construction of films by the layer by layerheitjue lies on the alternate adsorption of
two different compounds. The cohesion of the fignpirovided by the complementary chemical
functions borne by the two polymers. In the moshown case i.e. the formation of mutilayer
films of polyelectrolytes by dipping, the film isbtained by the alternate immersion of the
substrate in polyelectrolyte solutions (polyanianpolycation) and rinsing solutions (Scheme
14).

1 2 3 4
1. Polyanion 3. Polycatio
2. Wash 4. Wash

Scheme 14- Formation of mutilayers film of polyelectrolytby the layer by layer process (dipping)
extracted from Decher'’s wotk
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The properties of the film depend on the dippimgetj the concentrations of the solutions,
the pH, the ionic strength and the temperature.l@yers in contact are highly interpenetrated;
hence, the polymer film is resistant to mechanamaistraints which allows the formation of
self-supported films by the specific dissolution the substrafd Such films are however
sensitive to ionic solutions which may affect tteulombic interactions between the various
layers.

1.2.1.5 - Plasma polymerization
Plasma polymerization (or glow discharge polymeiizg, known for more than 50 yeéts
" produces highly robust polymeric coatings. Théshnique has been widely used for
corrosion protection, scratch-resistant coatingd antisoiling applicatiodd However, the

deposition rates are generally low and the proisessstly.

The fast application of an increasing voltage betwthe two parallel plate electrodes in the
system induces an abrupt increase in current wleiatls to the breakdown of the gases in
between the electrodes (Scheme 15). The collisabmsgh-energy electrons with hydrocarbon
molecules produce reactive species such as positine, excited molecular or atomic
fragments, radicals, etc. The emission of photgnexgited molecules creates the glow. Strong
chemical linkages are then formed between the iveaspecies created in the glow and the

substrate which leads to highly adherent films.

Organicgase or vapor:

Electrode l
Substrate—»
Electrode l
Pumping

Scheme 15- Principle of plasma polymerization extractedvirRoucoules’s work

Plasma polymerization depends on the monomer flate, rthe system pressure and
discharge power among other variable parameters ascthe geometry of the system, the
reactivity of the starting material, the frequeradythe excitation signal and the temperature of
the substrate. Since the glow discharge is verygetie, plasma polymerization can also be
used to produce polymer films from organic gasegapors that are not regarded as monomers
for conventional polymerization. The final deposit very different from a conventional

polymer film: the plasma polymer does not contagular repeated units but branched and
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randomly terminated chains with a high degree ofsilinking. In some cases, free radicals
remain trapped within the highly cross-linked stuwe and their subsequent recombination

results in ageing of the coating.

1.2.1.6 - Electropolymerisation of conducting polymer
The electropolymerisation of conducting polymer sgres some specific advantages:
rapidity, simplicity, absence of catalyst, contodlthe thickness of the film and possibility to
characterise the growth of the filin situ by electrochemical or spectroscopic techniques.
Researches on conductive polymers were highly ratid/with a view to their applications in

technological fields as in photovoltaic céland field effect transistofs

Among the conducting polymers (characterised bgrgugated system of bonds) composed
of aromatic units as benzéfieaniline or pyrrol&, the polythiopher@ "®and its derivatives are

the most investigated polymers due to their stghilind high conductivity.

The electropolymerization of thiophene occurs Via succession of electrochemical and
chemical steps (Scheme 16). The primer electrodasiep consists in the oxidation of the
monomer in a radical cation at the anode (whenpthiential is equal or higher than the
oxidation potential of the monomer). The couplirigwo radicals leads to the formation of the
dihydrodimer dication which rearranges in the redudimer. The rearomatization is the driving
force of the chemical step. The dimer, which carmkidized more easily than its monomer, is
converted in radical cation and the polymerizat@arries on until the oligomer becomes

insoluble in the electrolytic medium and precigtabnto the electrode surface.

Scheme 16- Mechanism of electropolymerization of conductoadymer (thiophene and pyrrole
respectively when X=S and NH) extracted from Roirealork’,

1.2.1.7 - Cathodic electrografting of vinylic monomer
As originally shown by Lecayon from 1982 and rewewby Palacinet al’’, strongly
adhesive polymer films are formed on any conductivdace by cathodic electrografting from

anhydrous solutions of vinylic monomers such aglanitrile and acrylates.

It allows the deposition of very thin polymer filnfsypically between a monolayer and

500 nm) via very strong substrate-molecule linkonitary to electropolymerization of
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conducting polymers which requires a potential $ugmoughout deposition to fuel the redox
processes, cathodic electrografting is an eledhiiated process which requires a charged
electrode only for the grafting step, but not fbickening. As a cathodic process, it can
generally be applied to various metallic and seometuicting substrates without any concern

over oxide formation.

This technique is based on an initiation of polyission by electrochemical activation of
the monomer (reduction peak around -2.5 V/Ag/AgOi &crylates and acrylonitrile). The
reduction of the vinylic monomer gives a radicaloan(Scheme 17i) that grafts to the cathode
to give a metastable grafted anion (Scheme 17hg @rafted anion can react with another
monomer to propagate the grafted polymer chaing®ehl7iii) or it may also be ejected from
the surface (Scheme 17iv) which frees the radigi@rain solution. Then, this free radical anion
evolves by radical-radical coupling into a diantbiat starts to polymerize in solution to give
non-grafted polymer chaiffs The propagation step is purely chemical and thdspendent of
the applied tension. Hence the final thickness hedf grafted films only depends on the

experimental conditions: concentration, solventgerature...

Scheme 17 Proposed mechanism of the cathodic electrogopéif methacrylic derivates. It shows the
competition between grafting to the surface ofdathode and polymerization in solutfén

The cathodic electrografting of vinylic polymersoguces truly grafted polymer films and is
a “grafting froni process as respectively demonstrated by Degiial”® (XPS observation of a
carbon-metal interface bond) and Viel al®. Thanks to the local generation of active and
short-living species, the cathodic electrograftofgvinylic polymers can be localized which
leads to a few applications for instance in theiéation of composite surfacgslocally doped
semiconductof$, lubricatior®, heavy metal depollutidf and biological purpos&s Although
this process has significant advantages, it sufien® two main drawbacks which limit its
application particularly in industrial conditiornsirst, due to its anionic mechanism, it requires

drastic anhydrous conditions. Second, this tectmiguestricted to the use of vinylic monomer
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bearing electron-withdrawing groups (to stabilizbe t carbanion formed during the

polymerization) and resisting to highly cathodit¢eptials.

1.2.1.8 - Diazonium salt based cathodic electrografting ireggnce of
vinylic monomers: the SEEP process

To overcome the previously mentioned limitationgte# cathodic electrografting of vinylic

monomers, several ways were investig%tecﬂiirst, Deniau and coff. demonstrated the
possibility of adding some water to the reactivluson. Second, the synthesis of amphiphilic
acrylic monomers by Jérdme and coworBetmcorporation of a positive charge through an
ammonium group and an alkyl chain to an acrylatepmind) allowed extending the cathodic
electrografting to agueous solutions. Electrogafitms on carbon surfaces of a few dozen
nanometers were obtained from those moleculesngatfie role of monomer, surfactant (to
form micellar solutions in water) and initiator thie same time. However, the long synthesis
(several days) of those amphiphilic molecules & tiain restriction on the wide use of this
electrografting method. In parallel, a third altime method was developed in our laboratory
consisting in applying cathodic potentials to a tomig containing both a diazonium salt and a
vinylic monomer either in homogeneous or in emulsamueous conditions depending on the

solubility of the monomékr.

This process, called SEEP for surface electroteiisemulsion polymerization, is a real
improvement of simple cathodic electrografting afiylic monomers. It has recently been
deeply investigated regarding the structure of gredted films as well as the electrografting
mechanisf” % In a general way, vinylic polymer chains can baftgd on the cathode after a
few voltamperometric cycles (between the rest gaikand -1.1 V/SCE in order to allow
diazonium salt and proton reduction but avoid amylic double bond electroreduction) from
acidic solutions containing a diazonium salt, trenomer and a surfactant, when the monomer

is not fully soluble in water (Scheme 18).

Scheme 18- Composition of the initial miniemulsion systeifrtiee SEEP process from Deniau’s wirk
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The SEEP process allows to switch from a direcor@ni mechanism (classical cathodic
electrografting of vinyl monomers) to a radicallpaay thanks to the outstanding properties of
diazonium salts. Indeed, it was demonstrated tiyatradicals (from the electroreduction of the
aromatic diazonium salts) play a double role: {i@xehing onto the electrode surface to form an
essential polyphenylene layer gtafting froni process) and (ii) initiating the radical
polymerization of the vinylic monomers in solutiolt. is important to underline that the
initiation of polymerization can also take placeotigh hydrogen radicals obtained by reduction
of protons. The continuous supply in monomer rexgliluring the propagation step occurs via
monomer diffusion from the droplets. The final gedf film results from the direct reaction
between those macro-radicals and the primer potydbre layer (Yrafting td mechanism). It
can be considered as a bilayered “co-polymer” wigitimer layer almost entirely formed by the
aryl moieties and a top-layer, whose thickness midpeon the number of applied cycles,
composed of vinylic polymer chains connected tofheer layer and likely cross-linked by

aryl groups.

The SEEP process is an one-pot method workingaah temperature, in aqueous medium,
homogeneous or heterogeneous, from available resgeith low reaction times and providing
various polymer films (whatever the solubility dtinitial monomer) strongly grafted but only
on conducting or semi-conducting substrates. It afasady successfully applied to a wide
range of acrylate monomers such as acryloritrilecrylic acid®, butyl methacrylaté %% %
hydroxyethyl methacrylaté SEEP was even proved efficient for the modifmatof carbon
nanotubes carpéfswith a view to develop selective sensors and fwe synthesis of

micrometric hydrophobic/hydrophilic patterned sagfa (Scheme 19).

s Thioalkane / ethanol
e e (C1gH3;SH; CyH33SH)

15t step Stamping on gold to obtain thioalkane chemical mask
AT Thioalkane Self-Assembled
YT J——— Monolayer (SAM)

Polymer A

:

Grafting of the 2" polymer (B) by SEEP

Polymer B

AU

4th step

Scheme 19- Strategy used to synthesize by SEEP a surfsmmating hydrophobic (polymer A) and
hydrophilic (polymer B) micro-areas extracted fr@aniau’s work?.
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Patterning of surfaces can also be achieved bwytbligyarying the SEEP experimental
conditions. For example, it was possible to locahaft vinylic polymer coatings by using
gel-electrolyte¥ (Scheme 20). In this case, agarose hydrogel waflesivwith mixtures of
diazonium salts and water-soluble vinylic monoméer drying, the gel was brought into
contact with two electrodes and, the reaction dymperization occurred by applying a cathodic

potential.

a) b)

Scheme 26- Optical micrographs of a) a patterned agarokargkb) the pattern transferred by SEEP on
the gold surface using the patterned gel contaiRiBYIA as anode extracted from Palacin’s wark

To finish, another way to localize the electrograftis to use a micro-electrode. By using a
AFM-SECM system (atomic force microscope combineithva scanning electrochemical
microscope), Charlier and céflmanaged to induce localized grafting of organiaticms on a
conducting substrate. The only variation with tHeE® process is the use of a micro-electrode
(AFM-SECM tip) as a counter-electrode CE (Schema)2As deeply described in a recent
study”®, in this configuration, it was possible to drawes and curves with a submicrometer
resolution using the tip as a pencil to direct #lectrografting of the “co-polymer” film
(Scheme 21b and c).

a) . c)

240 nm

Scheme 21 a) Schematic of the electrografting reactiomlimied by the AFM-SECM tip with ArN:
aryl diazonium salt, Ar. aryl radical, AA: acrylic acid monomer, PAA: palgrylic acid film; b) Phase
AFM image of the line pattern drawn with the AFM-SGH tip on the gold surface in the case of the
direct aryl diazonium salt/acrylic acid reductia);Thickness profile of the line pattern, extrachexn
Charlier’s work*.
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[.2.2 - Indirect methods

A wide range of polymer grafting can be perforntbbugh primer layers (films already
attached to the substrate). The substituents bbynéhe molecules initially grafted on the
sample can be used as reacting sites to promoeetisel attachment or start controlled
polymerization. In this part, we will focus on theesentation of techniques using primer layer
of precursors to form polymer films. Therefore wdl waot develop post-functionalization
techniques of those layers with various materiaisl¢cules or nano-objects). The reader can
refer to the reviews of PinsBror Chehimi® for more information on the post-functionalization
of substituted phenyl layers from diazonium saltse indirect formation of polymer films on
substrates can be achieved by the grafting of peigrto surfaces by ayfafting td’ process or
by surface-initiated polymerization (SIP). Howeves Klok and coworkets have recently
published a very complete review on the synthesiaracterization, properties and applications
of polymer brushes via surface-initiated controltadical polymerization, we will not go into
too many details in the presentation of those nithMoreover, although the second step is a
classical SIP, the formation of polymer coatingsnir polydopamine primer layer will be
described in a separate part at the end of thigstehaince, in our opinion, it constitutes a real

breakthrough in the field of surface functionali@atby polymer films.

1.2.2.1 - Grafting of polymers: “grafting to”

As example of “grafting to” procedures, Adenier aavorkers? presented the modification
of an iron surface by polystryrene (PS) via antetstatic bonding. On a substrate grafted with
carboxyphenyl groups, Mg ions and a solution containing a polymer (composéd
carboxylates groups and a double bond) were mecilgndeposited inducing the formation of
an electrostatic bonding between the carboxylabeigs on the surface and the polymer. Then,
by adding styrene and irradiating the solutionjsitpossible to cross-link the polymer by

copolymerization with styrene providing a PS stigrgrafted to the iron surface (Scheme 22).

Scheme 22- Structure of metal polymer composite presenteddenieret al®.
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Another indirect technique forgtafting td' surface modification by polymer films is click
chemistry. As stated by Chehimi and ¢8]l“compared to various methods for binding thin
films of preformed end-functionalized macromolesutsto surfaces, it is indeed simple, fast,
selective and permits the incorporation of varifuretional polymers avoiding side reactions”.

Li et al® have successfully functionalized single-walledbcar nanotubes (SWNT) with
polystyrene. Alkyne groups were introduced on thdage of single-walled carbon nanotubes
while in parallel azide-terminated polystyrene \sgisthesized. The modified-PS was clicked to
the alkynylated SWNT (Huisgen 1,3-cycloadditionatgded by Cu(l)) leading to SWNT with
a high polystyrene grafting density, a full contoder polymer molecular weight and a good
stability in organic solvents (Scheme 23).

Scheme 23- Principle of the grafting of polystyrene ontogde-walled carbon nanotubes by click
chemistry, (i) Isoamyl nitrite, 6€C; (ii) EBiB, CuBr/BPy, DMF, 110C; (iii) NaNs, DMF, room
temperature; (iv) Cu(l), DMF extracted from Adrormwork™.

In a similar way, a tandem diazonium salt/click rolistry process has been proposed to
synthesize OEG (oligoethylene glycols) and FEG flperinated ethylene glycol)
polymer-modified gold surfac®8. However, contrary to the previous example, is tiise, the
azide group (obtained from Br by nucleophilic attaf N3) is borne by the electrografted
molecules from the primer layer whereas the polgnberattach are mono or bi-substituted with
an alkyne group (Scheme 24).

Scheme 24- Principle of the functionalization of gold suréawith OEG and FEG by tandem diazonium
salt /click chemistry extracted from Chehimi’s wtfk
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1.2.2.2 - Surface-initiated polymerization (SIP): “graftingoin”

An indirect method for surface functionalizationtlwpolymers can also be based on the
promotion of the polymerization of monomers dingctiom initiators already attached to
surfaces. Such process is called surface-initiptdginerization (SIP). It leads to the formation
of polymer brushes i.e. polymer chains tethered dmg end to a surface. Nearly all
polymerization techniques that have been develapsdlution have now been adapted for SIP.
Polymer brushes can for example be prepared by feglical polymerizatiofi!, cationic
polymerizatiod®, anionic polymerizatioff? ring-opening metathesis polymerization
(ROMP)®® nitroxide-mediated polymerization (NM#} reversible addition-fragmentation
polymerization (RAFTY* atom transfer radical polymerization (ATE®) All these methods
are suitable for polymerizing different types of mmers on a variety of surfaces and particles.
Hence, we will restrict the presentation of SIPaidew examples of the most employed

techniques.

Surface-initiated nitroxide-mediated polymerizat{@-NMP)

As ATRP and RAFT, NMP is a controlled radical pobmzation process based on a
dynamic equilibrium between dormant species antveachdicals. In this case, alkoxyamine
initiators can thermally dissociate in a carbonatetiator radical as well as a stable nitroxide
radical and the control of the NMP process relieghe reversible capture of the propagating

species by nitroxides with formation of dormantiokgalkoxyamines).

Hussemanet all® were the first, in 1999, to report the applicatiofi NMP to
surface-initiated graft polymerization. From thetaahment on the substrate of a
TEMPO-derivated alkoxyamine (thanks to the reactimtween a chlorosilane and surface
silanol groups of silicon wafers or silica gel pads), they successfully grafted dense
polystyrene polymer brushes. A free alkoxyamine added to control the polymerization. The
coating of the initiators on the surface is a keynpin order to improve the polymer grafting
density. Therefore, methods such as the Langmuaigdijett techniqu€® or cathodic
electrografting”” were also used to immobilize the initiating mollesu For example, Jérdme
and coworkers prepared random copolymer brushesrewthto stainless steel by cathodic
electrografting of an alkoxyamine containing acigldollowed with the nitroxide-mediated
controlled radical copolymerization of styrene (S{pr n-butyl acrylate (BuA)) and 2-
(dimethylamino ethyl)acrylate (DAEA) (Scheme 25).

SI-NMP is a method allowing the controlled fabrioat of polymer brushes without the
addition of further catalyst. However, it often végs the careful selection and the synthesis of

the mediating radical, according to the monomeduse
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Scheme 25- Combination of cathodic electrografting (Ec) &fdP extracted from Jérome’s wofk

Surface-initiated reversible addition-fragmentafmiymerization (SI-RAFT)

The first application of RAFT to surface-initiatpdlymerization was shown by Baum and
Brittain’®. They synthesized brushes of polystyrene, PMMAy(poN-dimethylacrylamide)
and their copolymers on silicate surfaces fromlassate-immobilized free azo initiator. As for
SI-NMP, to control the graft polymerization, a ahéiansfer agent (dithiobenzoate) was added
(Scheme 26). Like in solution RAFT polymerizatidime introduction of a free initiator (AIBN)

was found advantageous.

MMA

Scheme 26- SI-RAFT polymerization from a free radical-maelf surface from Klok’s revie¥f.

The use of free radical initiator-modified subttsais not the only method to carry out
SI-RAFT. Li and coworkers® have recently shown SI-RAFT from surface-immobiiZRAFT
agents on silica particles (Scheme 27). In thigectse immobilization of the chain transfer
agent was performed by silane coupling. Howeves, RAFT agent can be immobilized by
different ways including electrochemical processess electrodepositidht  and
electropolymerization of thiopheté The SI-RAFT polymerization has been recently used
the synthesis of water-soluble SWNTs (SWNT-polykenjde composité}® as well as protein

and cell-resistant coatings for biomedical deVites
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Scheme 27 SI-RAFT polymerization from a surface-immobilizRBAFT agent from Klok’s revieW

In comparison with other controlled radical polymation techniques, RAFT
polymerization is extremely versatile. Howeverhéds a main drawback: the chain transfer

agents are generally not commercially availablesgymihesized via multiple steps.

Surface-initiated atom transfer radical polymei@ai{SI-ATRP)

Controlled atom transfer radical polymerizatioréstainly the technique the most applied to
SIP. Polymer brushes were obtained on a large tyadé materials from flat surfaces to
particles or porous materials. SI-ATRP relies onremersible redox activation between
immobilizing initiating dormant species (usuallyaoeg Cl or Br) or grown dormant chains and
a transition metal complex leading to a halogendifex as illustrated by Scheme 28. Monomer
units can attach on the so-formed propagating ahdiotil it captures a halogen atom to be a

dormant chain.

Scheme 28- lllustration of ATRP extracted frourface-Initiated Polymerizationf.

Huang and Wirth were the first, in 1997, to repthe formation of polymer brushes by
SI-ATRP"*. From a self-assembled benzyl chloride monolayesibica gel, they successfully
grafted polyacrylamide on the silica surface. Thegre closely followed by Ejaz and
coworkers™ who showed the growth of PMMA brushes on a silia@fer initiated from ATRP
initiators immobilized by the Langmuir-Blodgett tegque. Gold substrates modified by
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self-assembled monolayers (SAM) of thiols have dlsen used to achieve SI-ATRP. For
instance, diblock polymer brushes on gold wereinbthby SI-ATRP of the two monomers one
after the othér®. Through surface-initiated polymerization of métagd glycidyl methacrylate

in aqueous medium on gold, the authors demonsti@tiétkar relationship between initiator
density and the growth rate of the polymer brusiméaf'’. By comparing SI-ATRP initiated
from SAM of thiols to cathodic electrografting, Rein and coll'® concluded that those two
techniques were valuable tools for the graftingfanic coatings on conductive surfaces but
with different scope of applications due to diffieces in strengths and weaknesses of those two

processes.

Lately, Matrabet al!*® have opened a new route (Scheme 29) for the inlinatidn of
ATRP initiators based on the electrochemistry antinated aryldiazonium salts (see 1.1.5.2).
Such method can be applied to a wide range of ra&ddifferent from silica and gold) such as
iron'*®, stainless ste€f and carbonated materitffs'** It gives primer-layers with high density
of initiators, strongly adherent to the substrated aesistant to high temperature and
ultrasonication. An investigation on the influenoé several experimental parameters has
recently been conducted by Iruthayaetjal’?®. From the variation of the thickness of the
polymer brush as a function of the surface conetintr of bromine reactive sites on the
surface, they showed a gradual mushroom to brusfsition of the chains grafted on the
substrate. As detailed in Chehimi’s revi@wthis tandem diazonium salt/ATRP approach is
suitable for the formation of polymer brushes imivas fields of applications including stents

(vascular prosthesis), capture of metal ions dicapsensors.

Scheme 29- Principle of the tandem diazonium salt electeststry and ATRP from Matrab’s work.
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SI-ATRP not only provides the control of the chingth of polymer brushes but also high
grafting densities. As summarized by Klok and &glISI-ATRP is well-adapted for the
preparation of polymer brushes and very versafiteesa large range of monomers and
functional groups are compatible with this techeigli is still efficient when working with a
high degree of impurities and avoids the formatdmon-grafted chains in solution. Finally,
ATRP initiators are in general commercially avaléalor easy to synthesize. However,
SI-ATRP presents some limitations. It cannot bedusith monomers able to react or complex
with the metal transition catalyst (pyridine ordicimonomers). Besides, it can be difficult to
wash off this metal catalyst from the polymer brwghich could be damaging to potential

applications in biomedical or the electronics indus

Surface-initiated photopolymerization (SIPP)

As deeply described by Dy#&t, surface initiated polymerization was carried with a large
range of common photoinitiators bonded to the sabest in particular peroxide,
benzophenort&' and AIBN-typé®® as well as on a wide variety of surfaces: goldjaaic
polymers, silicon oxide (including glass)... Fostance, the SIPP of styréfie ' methyl
methacrylat&’, acrylonitrile® were reported on gold from SAMs of photoinitiatorsn

alternative approach has recently been propose@Hshimi and colt?®

As represented on
Scheme 30, from the electrografting of benzoylphemyieties (reduction of diazonium salt) on
gold-coated silicon wafer in presence of tertianyiree in solution (photosensitizer added to
abstract hydrogen atoms from the substrate), thegireed PS, PMMA and PHEMA grafted
films. It is worth noting that, in the last casel@ nm-thick film was formed in chloroform in

approximately 1h.

Scheme 36- Tandem diazonium salt electrografting/SIPP dd gopresence of a co-initiator (RH) as
extracted from Chehimi’s wot®.
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Surface-initiated photopolymerization shows severhlantages. It is a fast process. It can
be performed in a simple way at room temperatysplied to a wide range of monomers, on
various types of substrates and from photoinitsatgrafted or in solution. However, the

potential occurrence of shaded regions might leatetects in the grafted films.

1.2.2.3 - Process based on polydopamine functionalized satiestr
In this section, we will focus on a recently disemad and a very powerful process to
synthesize strongly adherent polymer films on ampe tof surfaces. It is a method based on the
polymerisation of dopamine. Polydopamine coatedraygould be used on their own. However,
they are especially interesting for post-functitwatlon since it leads to the formation of
coatings on any type of material combining a stradfesion (from the primer layer) and the
properties of the added film. Therefore, we willsdgbe two-step methods based on the

modification of polydopamine functionalized subttsa

The first step of this process is based on a rBceeported work® ¥ to obtain
polydopamine coatings on any type of materials frooible metals, native oxide surfaces,
oxides, semiconductors, ceramics to polymers. Tashod, inspired from mussels’ adhesion
properties to marine surfaces, relies on the speoias formation of a highly adhesive thin
polymer films from simple immersion of the substsatin buffered solution or ammonium
persulfate aqueous solution of dopamine (the latbadizing conditions favoring shorter
reaction time¥"). Indeed, dopamine is a small molecule containigh alkylamine and
catechol functionalities which mimic the structuethe mussels’ foot protein. Although the
exact mechanism for dopamine self-polymerizatiorsti8 unknown, it is likely to involve
oxidation of the catechol to quinone, followed bylymerization in a manner reminiscent of
melanine formation (Scheme 31), which occurs thinopglymerization of structurally similar

compounds (reference 25 herein Lee’s Woyk

Oxidant Polymerization

Scheme 3% Multifunctional coating formation by oxidant-inded dopamine polymerization extracted
from Zhao's work®.

So far, this method has been demonstrated to bebiior the patterning of surfa¢&but

also to constitute a very interesting reactivefptat for further secondary treatments widening
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the scope of applications. Particularly, the gnaftof polymer ad-layers onto such surfaces has
been achieved using thiol- or amine-functionalipetiymers in the secondary step leading for
example to the formation of fouling-resistant sae™ or PEG coated capillaries for
separation of proteins in capillary electrophorédisMore recently, polydopamine coatings
have been used by Wangt al’** to immobilize an ATRP initiator and perform the
polymerization of poly(acrylic acid) adding a stgoattachment of the polymer coating on top

of the usual advantages of ATRP.

Summary

We have described the most common techniques wselthd surface functionalization of
materials by organic coatings including physisamptas well as chemisorption methods. In
particular, the use of diazonium salts as coupéggnt for bonding polymers to surfaces has
permitted to significantly improve a few processesh as surface-initiated polymerization
techniques or cathodic electrografting with theeréalevelopment of the SEEP process.

In this context, we have investigated a new apgroae. an anchoring process based on
diazonium salts, for the chemical grafting of atstyers but more important the surface
modification by polymers of any type of materialfis recently developed technique is, to our
opinion, very promising since it overcomes the mnlamnitations or drawbacks of the methods
previously presented such as weakly bonded coétisdor physisorption methods), restrictive
conditions (in the case of cathodic electrograitirmgnstraints in term of substrate (mainly for

electrochemical techniques) and multiple stepsafigigg surface-initiated polymerization).
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Chapter Il — Presentation of the chemical anchopirogess

What is a chemical anchoring process based on miiamosalts? This chapter aims at
answering this question. First of all, the progi@sshat has led to the creation of the anchoring
method based on diazonium salts and particuladyGhaftfast” process will be developed.
The advantages of such process will be demonstratedinish, its principle will be detailed,

the main components will be presented and charaeter

1I.1 - Origin and principle of the chemical anchoring proess

The grafting of polymers on surfaces is a majoeaesh topic of our laboratory and has thus
been widely studied especially through the cathetiéctrografting of vinylic monomers and,
more recently, through a process called SEEP stgridr Surface Electroinitiated Emulsion
Polymerization. As mentioned in 1.2.1.7, the cathoelectrografting of vinylic monomets
gives strongly adhesive polymer films on any cotitigcor semi-conducting surface from
anhydrous solutions of vinylic monomers. Overcomihg limitations of this process coming
from the inherent mechanism of the reaction (awigrolymerization) has led to work with
diazonium salts and to invent the SEEP prdteg¢see 1.2.1.8). Indeed, this electroiniated
radical polymerization process works in dispersgdeaus media and with a wide range of
monomers. However, both processes, as electrocaemiocedures, are limited in terms of
substrates. To open the route towards the graftfirany type of surfaces from conductors to
insulators, a method employing a reducing agensalution was developed to activate the

diazonium salts.

Such as its electrochemical counterpart processPSEBis new procedute called
Graftfast™, is a radical polymerization process based onréuiction of diazonium salts
generating radicals able to initiate the polymeitrain solution of vinylic monomers. The
nature of the films obtained ranges from poly(matihylates (the main family of polymers
grafted by cathodic electrografting) to all polymethat can be synthesized by radical
polymerization. Graftfast' leads to grafted polymer films from a short onggsteaction
occurring at atmospheric pressure, at room temperain water and requiring no external

energy source.

Literally, the name GraftfaSfis employed to describe the anchoring process mixin
diazonium salt, a reducing agent with or withowtiraylic monomer in solution. However, for
the sake of clarity, we will only call Graftfd¥tthe process involving a vinylic monomer. The
anchoring process employing the diazonium saltuedigin presence of a reducing agent will
be simply named “redox-induced process” and thétiggausing only the diazonium salt is a

“spontaneous” process. Both were also studied alhtbevdiscussed in this thesis.
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Chapter Il — Presentation of the chemical anchopirogess

To date, only a few methods comparable to Graftfastist. The closest one is a bioinspired
method based on the self-polymerization of dopanifié.2.2.3) which can be followed by a
classical polymerizatidhHowever, unlike GraftfadY, the formation of polymer films on the
surface of materials using dopamine requires adt®p-(at least) reaction and involves long

reaction times.

II.2 - Advantages of the chemical anchoring process

In order to understand the interest of this works iimportant to have an overview of the
potentialities of the process. Among the method&ibhationalize materials by polymer films,
Graftfast" appears to be a powerful process since it wasessfuly applied to a large variety
of materials and, as demonstrated by previous Wdrlisenables to control the thickness of the

films, the surface properties of the substrateselsas the localization of the grafting.

11.2.1 - Type of materials

Theoretically, Graftfast can suit any type of surface, insulators or cotatsc The process
has been widely applied on conducting or semi-cotidg substrates such as, for example, on
nickel, zinc, platinum, stainless steel (inox)anium, gold, carbon fibres and aluminium as
illustrated in Figure 1 but also on nano-objecishsas carpets of multiwalled carbon nanotfibes
(Figure 2). Insulating materials from glass to ®efl (PTFE), both detailed in 11.2.2.2,

including plastics, cellulose (wood, paper) or aothave also been grafted by this method.

Figure 1 — Conducting or semi-conducting substrates sutidgsgrafted by the GraftfaS¥ process
Some of the grafted films are visible to the nakgd as for graftings on Ni or Pt where the films ar
located on the darkest area of the substrate.

=)

Figure 2 — SEM images a) and b) before grafting (diffemmaignifications) and c) after grafting. TEM
image of the grafted nanotubes is shown in d).ddshed line corresponds to the interface
polymer/nanotuble
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I1.2.2 - Parameters controlled in the process

[1.2.2.1 - Control of the thickness
The initial study on the Graftfd§t process conducted by Mévelletal? has demonstrated
that the intensity of the IR band characteristithef grafted polymer increased with the reaction
time and has established a correlation betweenirtemsity of the IR band and the film
thickness. Therefore, they proved that by contrglithe reaction time, the thickness of the

grafted films can be tailored.

11.2.2.2 - Control of the surface properties

One of the main purposes of surface modificatiomvithout any doubt, to tailor the surface
properties of materials. As an example, for songeistrial applications, the production of glass
with a hydrophobic surface can be a major issuethWhe Graftfast’ process, this
transformation of the glass surface has been aethiby the grafting of an hydrophobic polymer
(poly(butyl methacrylate) PBMA) as shown in FiguBa. The opposite surface modification
consisting in changing a hydrophobic surface inttydrophilic one has also been successfully
carried out on Tefloh (Figure 3b). The process is a very promising metfiar surface
modifications. Thus, it is easy to understand whig tchemically-initiated process attracts
considerable attention in many fields of applicasiccuch as biomedical and biotechnologies,

polymer metallization, lubrication...

= =

Figure 3 — Contact angle measurements of a) glass befaraféar modification with PBMA and b)
Teflon® before and after modification with PAA

11.2.2.3 - Simultaneous and sequential grafting

Thanks to this process, it is also possible to éoemthe characteristic properties of two or
more polymers by either introducing them simultarsdp or one after the other in solution. In
the first case, by adding simultaneously variousiomeers, a non-ordered mixture of the two
polymers grafted on the substrate can be obtaibedging different surface groups with
potentially different reactivity or properties. the second case, a multilayer-like polymer film
is built which allows combining the bulk propertie$ the first polymer introduced and the
surface properties of the last one. In both cabesrange of applications of such grafted

materials is widen.

11.2.2.4 - Localized grafting
Another important asset of this anchoring prociessih the control of the localization of the

grafting. Indeed, as the radical moieties invohiedthe process are prone to graft on any
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surface, transient masking methods based on padtigrent films can be used to prevent the
covalent grafting in designated areas of the fuitissrate. First of all, in order to test the vaiidi

of lift-off processes, we demonstrated the posgibdf using a commercial ink simply drawn
on a metallic substrate as a chemical mask to gratesignated areas from the chemical
grafting of polymers by Graftfast. Then we confirmed that using microcontact printed
alkanethiols SAMs as sacrificial layers, gold scefa can be patterned by the Grafifast
process as illustrated in Figure 4. Therefore,qismmmon lift-off techniques in addition to the
Graftfast™ process, the localization of polymer grafting teen achieved which opens the
route towards applications requiring patternedamet.

a) b)

PHEMA ; Gold PHEMA

Figure 4 — The optical micrograph of a gold plate coatethi thiol mask with triangular patterns after
treatment by Graftfa8t in the presence of HEMA and removal of a maska in a). Dark zones
correspond to the polymer while the clear onesespond to non-covered gold. The graph (b) is the

AFM profile obtained between covered and non-%mi/(mmes schematically represented in dashed line

on aj.

[1.3 - Main components of the chemical anchoring procesa details

As illustrated by Scheme 32, carrying out a typiGakftfast™ experiment consists in
choosing: the diazonium salt, the reducing agémt,vinylic monomer, the substrate, possibly
the solvent and adjusting the concentration of ea&attant, the reaction time but also, if
necessary, the temperature, the atmosphere, thdidmbf the solution with different gases, its
stirring, its exposure to light ... Each parametar influence the film grafting and has thus to be
selected carefully according to the aim of the wdrkerefore, this section will focus on a
general presentation of the main components ofttadtfast™ procedure as well as a detailed
characterization of the selected compounds inwlaik. The data gathered from this part will

have to be kept in mind for further consideratiansl interpretations of results obtained in the
following studies.
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Scheme 32- A typical Graftfast” experiment.
[1.3.1 - Diazonium salt

A diazo compound is an aliphatic, aromatic or regclic compound in which a -Nyroup
is attach to a carbon atom. In 1858, Peter Griesodered aromatic diazonium compounds
(RN,"X)™. Conjugation with the aromatic cycleelectrons makes aryl diazonium ions much
more stabl& than their aliphatic counterparts which are padigtexplosive when dry and
therefore rarely used in classic organic chentistfy In contrast to all alkyl diazonium ions,
aromatic diazonium salts are not Brgnsted acids éwis acid$’. The diazonium moiety (X)
is reported to be the most electron-withdrawingssitient knowr’. Consequently, diazonium
salts take part in a large variety of reactféf$in particular nucleophilic additions on the
-nitrogen of the diazonium, nucleophilic substibas™ and azo coupling. Important industrial
applications have arisen from those reactions ity intermediates or end products such as

azo dye¥.

[1.3.1.1 - Diazoniation reactions
A few para-substituted aromatic diazonium salts @mmercially available among them
4-bromo, nitro or methoxy benzenediazonium tetmafhborate (Bl is known to stabilize
diazonium salf$). A range of di-substituted or complex aromatiazdinium salts can also be
found. However, to synthesize and isolate aromdtazonium compounds (diazoniation
reaction), a number of distinct methods are knéwhhe more common one consists in the

reaction of sodium nitrite on an aryl amine in &citedia at 0°C (Scheme 33)®

HZO
R—<i>—NH2 + 2HX + NaNOZ—> R N==N,X" +NaX + 2H,0
(X=ClI, Br, HSQ,, CIO,, ..

Scheme 33- Typical diazoniation reaction.

Other methods such as NOBIR ACN at 0°C or BEOEL/t-BUONO in THF at -40°& in
presence of the appropriated aryl amine can alsenfi@oyed depending on the nature of the

diazonium salt and its associated counterion desire finish, it is important to underline that
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the first two diazoniation methods described abzasme be used to synthesize the diazonium salt
in-situi.e. in the reactive solution consuming the diazonsalt. This kind of method is known

asone-potreactiod® *

11.3.1.2 - Dediazoniation reactions
Among the variety of reactions based on diazonialts sdediazoniation reactions (referring
to reactions involving the loss of dinitrogen) hatgacted much interest. They may take place
following either a heterolytic or a homolytic medigmn (Scheme 34}’

R

a)\ + + N,
E N \_/
/T TS~
<\ />'+N2

Scheme 34~ Dediazoniation through a a) heterolytic and dinblytic mechanism.

The heterolytic dediazoniation pathway is the nigsly mechanism in the degradation of
diazonium salts in solution as it forms a very Earoduct N in addition to a metastable
intermediate, the aryl cation leading to, for exéenphenol§’. Heterolytic cleavage of the C-N
bond can also be involved in solvolytic or thermesction$™ %> As known by organic chemists,
carrying out a homolytic dediazoniation requiresetattron transfer which can be induced, for
instance, by photochemistfyby the solvertf, by a reduction at an electrddé®or by reducing
agent8” * (metal cation¥, anions’, H;PO**3%..). However, according to the reaction
conditions, a competition or coexistence of the tmachanisms is always possible.

To finish, for further understanding, it is importato be aware that an electron transfer
(homolytic dediazoniation) from a reducing agenédqRto an aryldiazonium salt may actually
follow two fundamental mechaniss®* Represented in Scheme 35, they are described as
inner-sphere (or bonded electron transfer procexsepding through a linkage between the two
redox partners) and outer-sphere electron trampsfinway (in which chemical moieties always
remain separated species). The most likely mecmarssongly depends on experimental
conditions. For instance, &nd HPO, which are considered as good anionic reducingtagen
would favor direct electron transfers (outer-spheviereas nucleophilic anions would prefer

forming an adduct (inner-sphere).

h R\_ N
o Inner-sphere \ / \N .
o> I\TZN + Red< |"’ >~ \< 3] N, Rea+
- Red + +
\ / Outer-sphereR®7N + Red* \ /
\ _/ N\

Scheme 35- Electron transfer mechanism in homolytic dedméaton.
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11.3.1.3 - 4-nitrobenzenediazonium tetrafluoroborate

In order to study the mechanism of the anchoringcess, we focused on experiments
performed from the dediazoniation of, mainly, 4rolitenzene diazonium tetrafluoroborate
(NBDT). Indeed, as NBDT is commercially available did not have to consider on top of the
dediazoniation based reactions iitssitu formation. Furthermore, the nitro groups are gasil
identifiable by IR-ATR (see appendix 1 for moreadlston data acquisition), as the asymmetric
and symmetric stretching vibration band$o, and Syo. are intense absorption bands and the
binding energy of the N-O bond in nitro group in1N core level XPS spectra could not be
confused with nitrogen contained in the substratesventual nitrogenous contaminations on
their surfaces. In addition, no reducing agent onamer bearing nitro groups was used. Hence,
this group was characteristic of moieties only amgnirom the diazonium salt, which was an
important asset in the understanding of the anobgsrocess mechanism. In addition, a study
on the electrografting of diazonium salts condudigdCombella® * consisting in sterically
hindering different positions of the diazonium ipm&s shown that using a para-substituted
aromatic ring favors the growth of the grafted layko finish, NBDT has one of the highest
reduction potential among known diazonium $ait¥ (i.e. with the greater affinity for
electrons) which therefore allows a wider choice tie reducing agent. Therefore, the
4-nitrobenzene diazonium salt was selected andnthen parameters having a potential
influence on its reaction characterized. For ingtants reprecipitation was examined; its

stability in various aqueous media was tested &n@duction potential was measured.

Reprecipitation
As received, the commercial 4-nitrobenzene diazuortieirafluoroborate has a color varying

from light to very dark orange. This variation alaur is likely to involve a change in the
purity of the compound. Therefore, a classical@ejmitation procedure is employed to free it of
any contaminant as described in the appendix 2leads to a pale yellow powder. NMR
analyses as well as UV-visible spectra of the ¥Bhignzene diazonium tetrafluoroborate
(NBDT) before and after reprecipitation are founal lbe similar. Moreover, identical

experiments carried out with the reprecipitated aod-reprecipitated diazonium salts roughly
provided the same results. However, since the ramof traces of contaminants by this
procedure may have shortened the list of speciesolation, decreased the influence of
interfering reactions and so simplified interprietias in solutions studies, the reprecipitation of

the 4-nitrobenzene diazonium tetrafluoroborate atasys undertaken prior to use.

Stability in various agueous solvents

Diazonium salts are claimed to be perfectly stablacidic aqueous solutions (pH < 2) and
at low temperature (around 5°C). Therefore, in oitdetest the stability of NBDT at room

temperature and in the solvents used in Graftfastxperiments, UV-visible absorption
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spectrometry was performed. The typical solventedus the anchoring process tested were:
deionized water (pH =5.5), HCI (0.1 M — pH = 1)dahLSO, (0.05 M —pH =1). A typical
UV-visible absorption spectrum of NBDT in water skown in Figure 5. It displays two
absorption bands: the main one centred at260 nm (for the more intense band) and a
shoulder at =313 nni®* First of all, the molar extinction coefficients 260 nm in each
solvent were experimentally determined using therBambert law and four NBDT solutions
with precise concentrations from ™A™ to 10° M. They have been found in accordance with

the values from the literature and are reporteGiainle 1.

i: =260 nm
1.4
1.21
1.0
0.8-
0.61

Absorbance

0.4 | =313 nm
0.2-

0.0

250 300 350 400 450 500

Wavelength (nm)
Figure 5 — Typical UV spectrum of NBDT in water.

Table 1- Values of molar extinction coefficient at 260 Qi) of 4-nitrobenzene diazonium
tetrafluoroborate at room temperature in variougests determined from our experiments and from the

literature.
Molar Extinction Coefficient Value from the literature
Solvent 1 R
(L.mol™.cm™) (L.mol™.cm™)
H,0 DI 17700 + 60 -
HCI 17200 + 55 16400*
H,SO, 15900 + 50 -

Then, the decomposition of NBDT in those three aolg, at room temperature, ambient
light and air was followed with time for 1 h, whiclerresponds to the usual reaction time of the
anchoring experiments (Figure 6). A decrease ilMBBT concentration (determined from the
peak at 260 nm) of 0.9 % of its initial value wadcalated for the experiment performed isCH
DI and 0.4 % when carried out in,$0. The evolution of the shape of the signal around
313 nm for the experiment in water will be discukge the next paragraph. On the contrary,
strong evidence of NBDT decomposition was foundH®l solution. Indeed, a drop of 6 % of
the initial NBDT concentration was registered aftdr. The most significant reason that leads
to this drop-off is the possible involvement oé tacid in an interfering reaction known to form
chloroarylg®. However, this decomposition will be consideredalwenough to be neglected

when performing 1h experiments in HCI.
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Figure 6 — Variations of the concentration (base(?rc?rtle t(g]éttance value at 260 nm) over 1 h of NBDT
(C = 10* M) in H,0 DI, HCI (0.5 M — pH = 0.3) and 430, (0.25M — pH = 0.3) solutions.

In order to evaluate the possibility of keeping NBDBolutions for several sets of
experiments, the same experiments were performed7k in the same solvents. A decrease of
5% in HSO,, 36 % in HCI and 39 % in 4 DI of the initial NBDT concentration was
detected. Figure 7 clearly represents this impodagradation of the diazonium salt inGHDI.
Besides, the drop of absorbance at 260 nm, a widaarid an increase in intensity of the second
absorption band at 313 nm was also observed orrd-iguvhich stems from the creation of a
compound absorbing in this range of wavelengthsyraed to be nitrophenol (Figure 8). The
presence of an isosbestic point in Figure 7 indgdbe direct transformation of the diazonium
salt into nitrophenol. Finally, nucleophilic addiis on the nitrogen atom leading to the
formation of conjugated azo compounds as well aszncoupling between the nitrophenol
formed and the residual diazonium might be poténtiays to explain the slight increasing

absorption around 400 nm.

1.8
| =260nm =0
161 —t=1h
1.4- ——t=2h
] —t=4h
© 1.2
e ] ——t=5h
8 107 ——t=6h
2 0.8 ——t=7h
O 4
<

0.6 , | =313-318nm

N

250 300 350 400 450 500
Wavelength (nm)

Figure 7 — Variations over 7 h of the UV-visible absorptiofiNBDT (C = 10* M) in H,O DI, (spectrum
captured every hour).

Thus, nitrophenol is a likely product of degradatiof NBDT since diazonium salts in
aqueous solutions are well known to decompose ipitenold” ** by a heterolytic

dediazoniation pathway as represented on Scheme 36.
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NO, NO, NO, NO,
- N, + H,0 - H
—_— —_— —_—
®
® ®
N o) OH
ll T

Scheme 36- Decomposition of 4-nitrobenzene diazonium ineagus solution.

The UV-visible spectrum of 4-nitrophenol in®l DI (Figure 8) displayed a main absorption
band at 318 nm. Therefore, it is likely that theésd contributes to the widening and increase of
the signal in Figure 7 which confirms the formatioihnitrophenol in the pathway of NBDT

decomposition in EO.

1.4
1 =318nm
1.2+
1.0+
0.8

0.6+

Absorbance

0.4+

0.2

250 300 350 400 450 500
Wavelength (nm)

Figure 8 — UV-visible spectrum of 4-nitrophenol in,& DI.

0.0

With the purpose of investigating the rate law tfug reaction of NBDT decomposition and
particularly whether it is a first order reactionithw respect to the diazonium salt,
IN(INBDT]/[NBDT] o) in HO DI and HSQ, was plotted versus time in Figure 9. As the most
likely reaction of degradation (conducting to nithenol) is a first order reaction with respect to
NBDT, the following equations should be verified:

- reaction rate: v = k.[NBDT].[kD] = k'.[NBDT] (since HO is the solvent) with k' the

pseudo rate constant: k' = k{@]
- rate law: In([NBDT])/[NBDT)) = -k'.t
- half-life time: t, = In(2)/K'.
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Figure 9 — Plots of In((NBDTJ/[NBDT},) versus time in kD DI and HSO, with [NBDT], = 10* M

In the case of NBDT in 8O, the data formed a line which confirmed the ineohent of a
reaction following a first order rate law. A pseudde constant of 1.45xf&" and a half-life
time of 132 h were calculated. On the other hamdi,O DI, the decomposition of NBDT rate
law did not match a first order reaction. This tesuggested that other competitive reactions
than the formation of nitrophenol might play a rdle the diazonium salt degradation.
Therefore, as described previously in the litetuliazonium salts are more stable in acid
solutions (pH < 2) than in 4@ DI solutions as a drop of respectively only 5 #ihe [NBDT]

concentration and 40 % in 7 h were recorded (Fi§ure

In addition to nitrophenol detected in the UV-visitmeasurements, gas chromatography -
mass spectroscopy (GC-MS) experiments performedBIDT in deionized water demonstrated
the presence of other products of degradation sash 1-fluoro-4-nitrobenzene and
4-nitrobenzene (cf IV.2.2.1). The former compoureftainly comes from the Schiemann
reaction (Scheme 37) which is a standard methothépreparation of fluoroaryl compountls
1718 4% The formation of those products of degradationpiebably due to the thermal
decomposition of the diazonium salt in the GC-Mfgdtor (heated at 250°C). Therefore, as
most of the experiments in this thesis were caroat at room temperature, their presence

should be limited and not influence the grafting.

® o huorD
O,N N==N + BF, > O,N \ / F+ N + BR

Scheme 37 Formation of fluoroaryls by the Schiemann reacti

Regarding all those results, experiments y©HDI or H,SO, will be preferred since the
NBDT solution remains fairly stable during the ustime of the experiments. Freshly made
diazonium salt solutions will always be used inesrdo start with solutions with precise

concentrations and containing a limited amountimbphenol.
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Reduction potential

As the anchoring processes studied in this thagsbased on an electron transfer, it is
important to get information on the reduction pdigdnof the 4-nitrobenzene diazonium salt.
NBDT solutions at various pH were electrochemicadiguced. The data obtained for a series of
three experiments for each pH are presented onre=ifj0. The peak potential, Eends to
slightly increase with the pH, indicating an easegtuction of the diazonium salt in non-acidic
media. Considering those results, we will consithet the NBDT reduction occurs between
0.25V and 0.3 V (vs Saturated Calomel Electrod&)S&hatever the pH in the 0-6 range.

0.34- = HCI

} | . 1o,

Ep (V vs SCE)
o o o o
N N w w
A R

0.24

pH
Figure 10— Peak potential (£ for the 4-nitrobenzene diazonium tetrafluorobenaduction in aqueous
solutions (at 0.1 V/s scan rate, SCE, working etetd = gold plate, C = 5 mM) as a function of iks p
(adjusted with HCI or E5Q,). E; is the potential corresponding to the maximumuwfent (},) in
absolute value. For each pH, the experiment has tepeated three times. Therefore, the dot stands f
the average value of,land the error bar represents the range of vatuewf

11.3.2 - Reducing agents

Unlike the electrochemical processes, in this ariosbamethod the electron transfer at the
origin of the diazonium salt reduction is not aeki@d by the application of an electrical
potential but by a chemical oxidation-reductiord@e) reaction. Therefore, it follows the same
rules as any redox reaction. As a first approxiamtiall reducing agents with a standard
oxidation potential lower than the reduction patmf the diazonium salt are estimated to be
suitable to operate the homolytic dediazoniatiactien. Among the possible reducing agents,
two different types can be distinguished: the réty@gent acting in heterogeneous phases

(composed by a liquid and a solid) and those ojmgrat homogeneous phase (liquid phase).

11.3.2.1 - Heterogeneous phase
The reducing agents working in heterogeneous pagmpriated for the anchoring process
of diazonium salts include all solid compoundsifiitiy the requirements in terms of oxidation
potential. Iron powder has been used as reduciegtag the original GraftfaSf experiments
and later for specific applications especially grafting of cation exchange membranes to

improve their selectivit§, as a first step in an electroless plating procasglicable to
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polymerd® and to create self-adhesive surfd€es lot of other compounds could also be

suitable for instance all metals reductive enougipgper, nickel, zinc ...).

11.3.2.2 - Homogeneous phase
The reduction of diazonium salts into aryl radicalsiomogeneous phases is a well known
reaction. It has been notably achieved with iotfidéand HPO,'> *® * It is only recently that
this reaction has been considered as a way toifunadize the surface of materials. Up to now,

%4 and L-ascorbic acfd have been used

hydroquinon&, ferrocene (in organic media)gPO;
to reduce diazonium salts in order to graft orgdayers. Most of the work presented in this
thesis was performed using L-acid ascorbic as aciad agent. However, in some cases, for

practical reasons, RO, was employed.

In addition to its use in the reduction of arenedidaum salts, hypophosphorous acid
(HsPO,) is commonly employed for electroless plating @fion of metal films from
solutionsy® °” The study of HPO; as a reducing agent was only based on the values @
the Pourbaix diagram (pH-potential) representedrigjure 11. According to the pH of the
solution, HPG, and HPO, were the species found in solution. The oxidat@nboth
compounds occurs at potential lower than the réglugiotential of NBDT meaning that;FO,
and HPO, can undeniably work as reducer. However, theidatkon potential is also lower
than zero, which means they are able to reducemsah solution. These remarks have played

an important role in understanding the mechanism.

Figure 11— The diagram of pH-potential of P-containing grai RT extracted from Lin’s work

L-ascorbic acid (Scheme 38), also named Vitamin/C)( is a non-toxic molecule which
has particularly attracted our attention. Firstjkeniron, it works in homogeneous phase which
is an essential criterion for a quantitative stuSigcond, unlike HPO,, VC is a weak diacid
which allows exploring broader experimental comdisi as it does not limit too drastically the
work in terms of pH. It has already been used mslacer, for instance, in Sandmeyer reaction
or for the reduction of metal ions in solutfid* particularly in the case of gdfd® or silvef* %

nano-objects formation. In order to demonstrateattiity of VC to work as a reducing agent in
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Graftfast™, the acid-base and redox reactions involving VCrewdefined, its Pourbaix

(potential/pH) diagram was established and it waesacterized in terms of oxidation potential.

HO

HO OH
Scheme 38- L-ascorbic acid or vitamin C (VC).

Acid-base and oxidation-reduction reactions

All the plausible reactions involving L-ascorbiddiand its derivates have been identified as
reported in Scheme 39. The first acidity of VC gwtbA in some schemes) is due the presence
of the acidic proton of the enol form (on carboonf3he cycle in Scheme 38) and its second
acidity, much weaker, comes from the alcohol gronpcarbon 2 of the cycle represented in
Scheme 38. The most likely redox reactions all leathe formation of dehydroascorbic acid
(noted A in Scheme 39). Experiments were alway$op®ed in aqueous solutions with pH

lower than 5.5. Therefore, only the first acid-basé the top two redox reactions are likely to
play a significant rofe

$
g )
b
. I:I i %

Scheme 39- Acid-base and oxidation-reduction reactions ivivig L-ascorbic acid and its derivafés”.
Black writing represents the most likely reactions.

”In a general way, the abbreviation VC will be ugethis work to indifferently refer to ascorbic dci

or its first base. However, when required, theiwiésion between the two compounds will be clearly
made by using the abbreviationAdand HA.
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Pourbaix diagram of L-ascorbic acid

From the data presented in Scheme 39 and the Negusttion, the Pourbaix diagram of
ascorbic acid was established (Figure 12). Therdragyives a visual representation of the main
components present in the pH domain of our workictred area on Figure 12) and the
experimental conditions required reaching the diegaof the major stable derivatives of
ascorbic acid. Therefore, it will be a helpful taoithe understanding of the reaction of ascorbic
acid on diazonium salts.

0.5

EOA/HZA: 0‘4__ :
E AHA ~0. 3!
0.241

0.14;

Potential E (V)

0.0/
o /'-I g
E°, o 017!

el 2,
-0.24 A

9 1011 121314 15
pKa,

Figure 12— Pourbaix diagram of ascorbic acid. The hatchrezsirepresent the pH domain of our studies.

Oxidation potential

In order to demonstrate the ability of ascorbicdam work as a reducing agent for the
Graftfast” process, cyclic voltammetry (CV) was performed anid ascorbic and
4-nitrobenzene diazonium salt separately, in agsiesoiutions (Figure 13a). The cyclic
voltammogram of VC displayed an oxidation peak,hwét typical shape of a phenomenon
driven by diffusion, likely to correspond to theidation of HA in A. On the contrary, the
shape of the cyclic voltammogram of NBDT is welbkm by electrochemists and is due to the
blocking of the surface coming from the graftingtioé species formed by the reduction of the
diazonium salt on the surface of the electrodes Hiso explained why the reduction peak of
NBDT is only observed in the first cycle. Accorditiythe pH of the solution, the VC oxidation

peak was spread over a large range of potentiatteedd, as deducted from the Pourbaix
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diagram (Figure 12), at a pH close to the first m{ascorbic acid, several redox couples may
be active. Moreover, the oxidation process stady Wefore the maximum of the oxidation
peak. This observation means that only taking astwount the potential of the oxidation peak to
determine the ability of VC to act as a reducingragnight be too restrictive. Consequently, a
value more relevant of the start of the oxidatioocpss, called the onset potential.(g, was

calculated as described in Figure 13b.

2000
3 19
_.-780-
1000+ ot 60
—_ /’/ < 401
g o L i E 20
P [ G 2 it N IS 04
§ ~ g 20
5 -1000- 3 ]
O ML -40
-2000+ \‘\-Zg_ —__NBDT
Sl < =
-3000 : : . . 0.0 01 % 03 ba 0.5
-1.0 0.5 0.0 0.5 1.0 Ee(VC) Potential () Eoreel NBOT)
Potential (V)

Figure 13— Overlay cyclic voltammograms (0.1 V/s scan r&@&E, working electrode = gold plate) of
ascorbic acid (C = 3.10M) and 4-nitrobenzene diazonium salt (C = 5.M) in HCI solutions (pH = 2)
a) in full scale and b) zoomed in the area of ggéer

The onset potentials of VC and NBDT were determifoeciqueous solutions of various pH.
The definition of “onset potential” is a bit arlgity. However, it provides a first idea on the
possibility of occurrence of the redox reactionimsn NBDT and VC. The curve,k(NBDT)
versus pH plotted on Figure 14 is very similartte E(NBDT) versus pH chart (Figure 10) but,
as the reduction actually starts slightly before teduction peak, the values are positively
shifted. Concerning the ascorbic acid oxidatiors itlear from Figure 14 that the redox reaction
is pH-dependent. The values,&(VC) do not strictly form a line with a slope of.08 V/pH
(black line constructed on Figure 14) as we coudeet from the Pourbaix diagram of VC
(Figure 12). Nevertheless, by fitting linearly tbata, the slope was found to be -0.07. This
deviation can surely be attributed to uncertaintiesiing for the graphic determination of the
onset potentials. In view of those results, it besn concluded that ascorbic acid is theoretically

able to reduce 4-nitrobenzene diazonium salt wieatéhe pH of the solution.
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Figure 14— pH dependence of the onset potentiglHobtained from CV, 0.1 V/s scan rate, SCE) for
ascorbic acid (VC) and NBDT in aqueous solutiom§usted with HCI). The Fe(VC) at pH = 3.2 is
simply obtained by mixing VC with 30 DI. The line with a slope equal to -0.06 represdine
theoretical evolution of the onset potential with. p

In addition to the arguments mentioned above, &scaacid has also attracted all our
attention in this work for another important reasonlike iron powder and as shown from the
oxidation potential in Figure 14, VC is unable &mluce protons. This property has eased our
interpretations of the mechanism by avoiding themftion of hydrogen radical from the
reactive mixture, which could initiate as well asniinate the polymerization in solution of the

vinylic monomer.
11.3.3 - Vinylic monomers

With the Graftfast" anchoring process, all the vinylic monomers ttat polymerize via a
radical pathway are potentially usable. By analegth the SEEP process, in the case of
monomers with low solubility in water the anchoringethod can be adapted by working in
dispersed aqueous media (emulsion, miniemulsiog)a Airst work on the understanding of the
grafting mechanism, we only considered monomenshdelin water and in particular the study
was focused on the polymerization of hydroxyethgtmacrylate (HEMA, solubility = 1 mol:L
at 20 -25°C). Indeed, the corresponding polymerERA is biocompatible and easily
identifiable by IR (intense absorption band at 1280 attributed to the stretching vibration of
C=0 groups), by XPS (peak on the C 1s core lewsttspm centred at 289.0 eV assigned to the
carbonyl ester group COO) and by contact angle unea®ents (50 - 60° angle, very different
from the contact angle of the pristine substraée B.3.4.3).To finish, PHEMA does not
contain any nitrogen atom which makes the N 1s t®rel spectrum in XPS characteristic of

the diazonium moieties.

11.3.4 - Substrates

Although this anchoring process allows working wiHarge range of substrates, in this

thesis, the studies were mainly focused on themeggrafting on gold substrates. However,
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other substrates have also been considered whenreggand particularly in chapter VI
concerning the grafting on Tighanoparticles. As the main material of the stydiks gold
substrate used was characterized in details smgeocesses such as Graftf¥stthe surface
condition of the substrate plays a key role in ¢h&fting and can affect the reproducibility of

the results as well as the homogeneity of the films

11.3.4.1 - Why gold substrates?

In the framework of a fundamental study, gold stdtes appeared to be very convenient for
the three following main reasons. First of all, #waporation technique employed to obtain gold
substrates (described in the next paragraph) lig iidstered in the laboratory, very simple and
quite cheap. Second, as a noble metal, gold i4 togrards a lot of chemical compounds.
Particularly, owing to its oxidation potential (E*,a,=1.5 V), gold isa priori unable to reduce
any diazonium salt. Moreover, gold surfaces aren@rto be less sensitive to surface
contamination in comparison with other metallic studtes which, for instance, can be oxidized.
To finish, gold substrates are adapted to surfdceies by IR-ATR, XPS, AFM and

ellipsometry.

11.3.4.2 - Preparation of gold substrates
Gold substrates were obtained by vacuum evaporatfopure gold (99.99 %) at room
temperature on homemade cut glass plates. A Jiriléhromium sub-layer was first deposited
to enhance gold adhesion on glass and then 50 rrhS8F gold were evaporated as represented

on Figure 15 under a residual pressure ofd4r, at room temperature.

Figure 15— Scheme (top) and thickness profile (bottomhefchromium and gold layers deposited on
glass plates by vacuum evaporation.

This process of vacuum evaporation leads to thedton of polycrystalline gold substrates
made of multicrystals of 20 nm in average accordimgAFM measuremerfts Due to its
face-centered cubic (FCC) crystal structure, gadgpasited on glass plates displays several
crystalline faces: Au (111), Au (100), Au (110) afd (311) as reported by Benedetbal®.
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Contrary to monocrystalline epitaxial Au (111) onicep gold grains clearly appear on
“evaporated” gold surface as illustrated by SEM afd images in Figure 16. As expected,
this gold surface has a higher roughness (RMS) ghamrface prepared by epitaxial growth of
gold on mica (0.1 nff): the roughness values range from 4.5 nm (forutaions based on a

5 x 5 unt AFM image) to 5.1 nm (1 x 1 |iAFM image).

34.1 nm

200 nn
0

Figure 16— SEM (left) and 1 x 1 pm2 AFM (right) images afgtine gold substrate prepared by vacuum
evaporation on a glass plate.

11.3.4.3 - Characterization of the pristine gold substrates
The surface condition of the substrate, particylasl contamination, is assumed to be a key
parameter in the reproducibility of the experimeagswell as in the homogeneity of the films.
Therefore, the contamination, the storage andanent prior to use of the pristine substrates

have been studied carefully.

Contamination of the gold substrates

Since the anchoring processes are likely to baienfted by the surface conditions of the
substrates, an XPS analysis was performed on @ngrigold plate 8 days after evaporation in
order to estimate and characterize its surfaceacaingition. From the survey XPS spectrum
(Figure 17), we observe, in addition to the chamastic Au 4f (84 and 88 eV), Au 4d (335 and
353 eV) and Au 4p (547 and 643 eV) peaks of gold, s signal at 285 eV and an O 1s signal
at 531 eV. However, no nitrogen is detected andptistine gold surface is also found alkali
metals free. The contamination carbon (Figure ¥7)mainly composed of aliphatic and/or
aromatic carbons at 284.4 eV (91 %) and also of9ce. of oxidized carbons at 286.0 and
287.4 eV. Therefore, purely organic contaminatians identified including hydrocarbons as

well as oxidized hydrocarbons.
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Figure 17— XPS survey, Ols and C1s core level spectrgpoftine gold substrate eight days after
evaporation.

The nature of the contamination was also confirimgtR (Figure 18) since carbonyl groups
and C-H stretching absorptions were detected, ofisply, at 1727 and 2926 ¢m Indeed,
those values are characteristic of fatty acids Wwhére considered as the main surface

contaminant?.
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Figure 18— IR-ATR spectrum of a contaminated pristine galfistrate eight days after evaporation.

To fully eliminate the contamination, an ionic akicen under ultra-high vacuum inside the
XPS can be performed. An area of 5 x rhthe substrate was bombarded with 4 keV Ar
ions by cycles of 2 min (analysis made on an afe@00 x 300 prf). As clearly shown by
Figure 19, after 3 cycles of abrasion the surfaaarbon and oxygen free. This method can also
be employed to verify the purity of the depositamldg(as the substrate is normally only
contaminated superficially). However it requiregthivacuum, and cannot be applied on all our

gold substrates.
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Figure 19— C1s XPS spectrum of pristine gold substratereedod after successive ionic abrasions
(Ar", 4 keV).
Two ways were considered to avoid or diminish aghmas possible the contamination on
gold substrates. First, a particular attention giaen to their storage. Second, treatments prior

to use were tested.

Storage of gold substrates

As previously demonstraté after a 40-day storage at ambient air in plastles, the
contamination on gold substrates increased fouregimvhile keeping a C/O ratio of
approximately 90/10. To limit this increase of @mtnation with storage time, the storage of
gold plates in glass tubes in a nitrogen flow b@suested. As shown by Figure 20a and Figure
20b, the contamination of the substrates storethénnitrogen flow box did not increase in
intensity with the time of storage (see bands aloB800 cri). As a result, all our gold
substrates were kept in a nitrogen flow box in gkakes. In addition, in order to minimize the
influence of the contamination on the grafting, substrates were used as soon as possible after

evaporation (i.e. typically within the next threeaks).
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Figure 20— IR-ATR spectra of pristine gold substrate whh time of storage in a) plastic tubes at
ambient air and b) glass tubes in a nitrogen flow. b

Treatments prior to use of gold substrates

A common method to free the substrates from comtatian is UV-ozone treatment. The

UV-ozone method is a photo-sensitized oxidatiorcgss in which the contaminant molecules
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coming from resins, human skin oils, cleaning selveesidues, silicone oils and so on are
excited and/or dissociated by the absorption oftshavelength UV radiation. Atomic oxygen
Is simultaneously generated when dioxygen molecOlesf the ambient air or ozone (formed
from the combination of free oxygen atom angdnilecules) are dissociated. The products of
excitation of contaminant molecules react with atoroxygen to form simple, volatile

molecules which desorb from the surface

The effect of UV-0zone cleaning on gold substrateléarly visible in Figure 21. Due to the
hydrophobicity of adventitious carbon contaminamtsgold surface, the average value of the
contact angle reached 92° before cleaning. Thigevdtopped to 5° after UV-0zone treatment.
This result could be due to the oxidation of thentamination layer without evolution as

gaseous species creating more hydrophilic oxidipesties.

1 , K >1 *K

Figure 21— Contact angle measurements@HDI) on a pristine gold substrate a) before andftér a
10 min UV-ozone cleaning.

The comparison of XPS analyses performed on gdidteates before and after a 10 min
UV-ozone exposure (Figure 22) however reveals atimves higher carbon contamination (with
an increase of oxidized carbons) and a three thigdeser oxygen contamination after cleaning.
Those results appear in contradiction with the @ontangle measurements, but could be
explained by the increase in the surface reactigftygold substrates after treatment which
promotes their immediate recontamination in aideked, the samples were manipulated a few

minutes in the laboratory atmosphere between thekbhe chamber and the XPS.
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Figure 22— C1s and O1s XPS spectra of a pristine gold satlesbefore and after a 10 min UV-ozone
cleaning procedure.

Finally, after testing different ways of storagelamrious cleaning treatments including UV-
ozone procedure and solvent rinsing (results neggnted), it seemed that, except for the ionic

abrasion in the XPS apparatus, no method can progdld substrates fully free of
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contamination. However, we have estimated thab#st way to limit it consists in storing the
gold substrates in glass tubes in a nitrogen flow &nd using them without further cleaning

treatment but as soon as possible after evaporation
1.3.5 - Typical Graftfast™ experiment

To sum up, for simplicity’s sake, the study of tBeftfast™ process was restricted, in case
of most of the experiments, to the grafting of PHERNh gold substrates through the reduction
of 4-nitrobenzene diazonium salt in deionised waterither HPO, or ascorbic acid at room
temperature, atmospheric pressure, with a magettiing. Concerning the major part of the
work, the reaction time was arbitrarily fixed at 8@ in order to be able to appreciate slow as
well as fast phenomena. Unless otherwise mentioaftdr the reaction, the substrates were
rinsed according to the following rinsing procedusater, ethanol and acetone then sonication
in N,N-dimethylformamide (DMF) for 5 min. Indeedg solvent is perfectly indicated to rinse
poly(nitrophenylene) (films obtained from 4-nitratzene diazonium salt). However, unreacted
NBDT as well as products of its degradation areldel in those solvents. Moreover, in case of
anchoring processes using monomers, unreacted HEM&# simply rinsed with water and
physisorbed PHEMA was entirely removed with DMFe(5€3.2 for more details).

Summary

The anchoring process based on the reduction dfodiam salts has come from the
evolution of the SEEP process towards the graftih@ll type of materials. On top of this
remarkable property, the process has shown othgrinteresting advantages such as a control
on the thickness of the films, on the surface priige or on the localization of the grafting. In
order to simplify further interpretations of theafling mechanism, the main components
entering in the process were precisely characebriZéis anchoring process ranges from a
simple reaction involving only the diazonium satrhore complex ones requiring a reducing
agent as well as a vinylic monomer. Therefore, sinedy on the understanding of the
mechanism will start in the next chapter by theiestiscase i.e. the substrate-activated and

spontaneous grafting of diazonium salts based ®sithple use of a diazonium salt in solution.
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Chapter Il — Spontaneous grafting of diazoniuntssal

As described in chapter I, the anchoring processsgd on the reduction of diazonium salts
are very easy to set up. However, the more cherspmtdies are involved, the more complicated
the mechanism of the grafting. Therefore, in thimpter, constituting a first step in the
understanding of the grafting mechanism, we withldsith the most basic case of chemical
grafting involving diazonium salts i.e. the sporaus grafting (where only the diazonium salt
is present in solution). This type of process aBi aselectrochemical methods is supposed to
give highly robust films in comparison to physisiomp methods since it has been claimed to
form a covalent chemical bond between the substmadethe film. Therefore, numerous teams
have worked on demonstrating the covalent natutheinterface bond on the simple case of
polyphenylene graftirfg Thus, after presenting the spontaneous anchprimgess of diazonium
salts, we will discuss the existence of a covasemtace-carbon interface bond and describe our
attempts to demonstrate it. To finish, we will fecon the study of similar graftings that have
been recently observed on gold. The occurrenchisfphenomenon on gold will be examined
in details since it has been chosen as the maistrsi of all this work and an explanation of

the grafting mechanism will be proposed.

lll.1 - Spontaneous grafting in general

The attachment of aryl groups to surfaces on eelaemge of materials has been widely
described in the literature mainly via the eledwemical grafting of diazonium salt§see
1.1.5.2). However, it has also been achieved by-ealentrochemical methods. The grafting of
similar groups promoted by héat)V radiatior, ultrasonicatio 4 ball milling® or chemical
reducing agents has been reported. The last oheamititute the topic of chapter IV whereas
the others will not be detailed in this work. Maienply, similar graftings, called spontaneous
graftings, have been performed at open-circuit i@k (OCP) without any external source of

energy.

This spontaneous process, reviewed by Barrireal®, occurs by simple dipping in
acetonitrile or aqueous solutions of diazoniumssal semiconductors (silicbrd, GaA< and
more recently germaniubnor metal®’ such as copp®r palladiuni, aluminiunt?, titaniuni?,

nickel iron*> 4

and zin¢®. The resulting films have been found very simitathose obtained
by an electrochemical reduction. However, comparistudies have shown that, in general,
flms formed by the spontaneous route are thinned are formed more slowfy The
spontaneous grafting has appeared to be a vergstitey method since it operates under simple

and environmental friendly experimental conditigndien performed in aqueous solution). It

This term is used to describe the grafting of stidetd phenyl moieties on the surface forming
monolayer as well as multilayers films. However, are aware that in the case of mono or bilayers
graftings, this is a misuse of language.
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Chapter Il — Spontaneous grafting of diazoniuntssal

was proved suitable for the modification of surfaceperties of materials. For instance, surface
protection against corrosithas well as iron and zinc superhydrophobic surfawese been
achieved®. Therefore, the investigation of the spontaneaadtipgy mechanism has attracted

much interest.

It has been reported that if the substrate is neduenough then it can operate itself the
reduction of the diazonium salt into the correspogdryl radical and react with'it % The
redox properties of both the diazonium salt andntie¢tal have been shown to play a key role in
the occurrence of this spontaneous grafting. Fgiv@n reducing substrate, the more difficult is
the reduction of the diazonium salt, the less ffitis the graftintf. Consequently, with metals
less reducing, this reaction should not occur. Herea spontaneous grafting of diazonium salt
was observed on gold by Downard and ¢bih acidic media and by Pinson and cowork&irs
acidic as well as in basic solution. As gold waleced as the substrate of our study on the
anchoring processes, this phenomenon will be ifgagsid in details in 111.3 as it could have a
significant influence on the redox-induced processetudied in chapters IV and V. The
spontaneous one-electron reduction of diazoniuis gals also demonstrated in the case of the
grafting on hydride-terminated porous and plandicai by conducting radical trapping
experiments based on the reaction of surface Stcaksdwith, for instance, reagents such as

arylselenoether or arylthioetfier

The spontaneous grafting procedure was firsthothiced by Belmont. The modification of
carbon black was the subject of numerous pategtsteeed by Cabot Corporation (detailed in
reference 4 therein Bélanger's wbbkand used for interesting industrial applicationsthe
manufacturing of inks. Later, works were perfornoedthe aryl modification of carbon bla€k
by reaction with diazonium salts and focused onirirestigation of the grafting mechaniSm
A concerted decarboxylation reaction where theatiazn cation would act as an electrophile
replacing the oxygenated functionalities (leavirg @Q) was suggested as illustrated in
Scheme 40. The spontaneous grafting on other fainsarbon such as grapHite glassy

rJIO, 15, 21—2?

carbo graphen®® and diamontt * was also reported and various grafting

mechanisms were proposed.

Scheme 40 — Proposed mechanism of the spontaneaftiagyon carbon black extracted from the work
of Toupinet al’®.
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Chapter Il — Spontaneous grafting of diazoniuntssal

Concerning the spontaneous grafting on graphitegassy carbon in pure water, Abimain
al.?" ?*suggested a heterolytic dediazoniation of thealiazm salt. The so formed aryl cation
intermediate (see 11.3.1.2) was considered to eitbact with the carbon surface itself or with
surface carboxylic groups to form an aryl estekdge. In contrast to this mechanism, from the
study conducted by Bidan and cBllon glassy carbon a spontaneous grafting mechanism
involving an electron transfer initiation of theadonium salt was proposed. Indeed, a jump of
the open circuit potential was observed when NBDEsuintroduced in solution. In addition,
NBDT appeared to be the only diazonium salt (amthiegdiazonium salts tested) permitting a

spontaneous grafting on glassy carbon, certairdaiee of its easy reduction.

In regards to the spontaneous grafting of grapléeets, the covalent attachment of the aryl
groups to the basal carbon atoms was also conditiedge due to an electron transfer from the
graphene layer to the diazonium &alf® However, Raman spectroscopy measurements
suggested a two-step reaction pathway presumabhsistong in the adsorption of the
diazonium salt on single (Scheme 41-(2)) or bi4agrheme 41-(4)) graphene followed by its
decomposition to form a covalent C-C bond with shestrate (Scheme 41-(3)&(5))Besides,
the simple adsorption of nitrobenzene, arising fribi spontaneous decay of the diazonium
salt, could always be a possibility (Scheme 41-(¥9) finish, the spontaneous modification of
graphene was demonstrated to be faster for siagka-lgraphene with enhanced reactivity at its
edgé” *® as supported by theoretical calculatidn$he electrical characteristféof graphene
devices treated with a diazonium salt and partibulghe field effect transistor (FET)

characteristics were also investigated with a view to potentiglaations.

Scheme 41 Spontaneous grafting mechanism of NBDT on graplseirfaces proposed by Koehdér
al.?’.

In the case of carbon nanotub&s** the spontaneous grafting was used notably toduepr
their dispersion in various environmefitput also to selectively functionalize metallic CNT

(i.e. preferentially to semiconducting CNT) in aque solutiof®. Concerning the mechanism,
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|37

Dyke et al’® refuted the possibility of an electron transfetiation step for the spontaneous
grafting reaction since it would lead to a multiglébstitution pathway occurring with a very
unlikely accumulation of charges on the CNT. Sushf@ graphene, a two-step mechanism
consisting in a chemical adsorption step and aleav&ond forming step was also propcéed
and supported by theoretical calculatiindowever, this proposition seems unlikely when
working in basic conditions since only diazoates d¢® present in solution at these pH.
Therefore, the most likely mechanism to date wileixplains the spontaneous grafting in neutral
or alkaline solutions was suggested to be baseth@rformation of a diazonium anhydride
(Gomberg-Bachmann reaction) which can decomposa homolytic cleavage into an aryl

radicaf” “°able to react with a CNT as illustrated by Schdihe

a)

b)

Scheme 42- a) Generation of funtionalized SWNTs and b) namitm of the spontaneous grafting at
neutral or alkaline pH extracted from the work ofk® et al*’.

To summarize, it is likely that the mechanism ipatelent on the diazonium salt used as
well as on the substrate employed and its physarahs (in the case of carbon). No general
mechanism of the spontaneous grafting could pagsdibl established and the spontaneous
reaction pathway is still subject of much debateé mwvestigations. However, since it is a very
simple process forming robust films grafted on sHwubstrate, the spontaneous grafting of

diazonium salts is often employed for the surfacglification of materials with aryl groups.

l11.2 - Towards the proof of existence of a covalent inteaice bond

All the anchoring processes based on diazoniuns saithin this thesis are claimed as
grafting methods of organic films leading to thenfiation of a covalent bond between the film
and the substrate. Since it constitutes one ofrtai@ characteristics of those processes, special

attention was paid to demonstrate the existensei@i a bond.
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The grafting methods described in this work leategito the formation of polyphenylene
layers or of polymer films. As it will be revealedchapter V, the structure of the polymer films
obtained by the Graftfadt method is mainly composed, at the interface filthstrate, of an
essential primer layer of polyphenylene on whicé polymeric chains are grafted. Thus, the
polyphenylene layer is assumed to be responsiblth&covalent linkage between the substrate
and the polymer film. Consequently, to establish #xistence of a covalent bond at the
interface surface-coating in the anchoring processe will uniquely focus on the study of
polyphenylene grafted films. As such organic layease already been obtained by various
methods, we will first report the results obtairiadprevious studies and then describe our

attempts to demonstrate the existence of a covaterd.

I11.2.1 - Previous works

As previously mentioned, methods permitting theatent attachment of aryl groups to
various surfaces have already been reported argk riom spontaneous grafting (described
above) to chemically induced (chapter 1V) or electremical (see 1.1.5.2 and 1.2.1.8) graftings.
For all of them, studies have already been perfdrie demonstrate the existence of a

substrate-film bond and the most relevant onesheiltietailed below.

[11.2.1.1 - In spontaneous grafted films
As getting evidence of the presence of a bond bmtwiee surface and the organic layer is
not easy, some teams described indirect proofsrd@sistance of the films to simple treatments,
such as cleanirigr sonicatioff' in various solvents showing the chemical stabiityhe films
were commonly admitted as an indirect evidencéefexistence of a covalent bonding. Indeed,
if the molecules were only physisorbed on the searfahese treatments would likely remove
most of the organic residue. Indeed, full elimioatof the grafted polyphenylene-like films has

only been achieved by abrasion technifties

Direct evidences of a covalent substrate-film basad however reported. First of all, Hurley
et al! provided, thanks to XPS analysis, evidence of @ébtablishment of both a Cu-O-C
linkage and a Cu-C bond between grafted aryl nmesetaind a copper substrate. Then,
ToF-SIMS analyses of polyphenylene films on glasmypon plates, performed by Combelkds
al."® permitted the detection of C-aryl fragments ad welO-aryl ones; the former testifying of
the bond between the carbon plate and aryl grolipgrefore, in addition to providing
evidences of the presence of a covalent surfadmoarond, both studies demonstrated that the
bonding between the substrate and the organic didmld also occur through oxygenated

functions.
Very recently, McDermott and cdff.provided the first direct evidence for the existenf a
Au-C covalent bond by surface-enhanced Raman soaft€dSERS) and high-resolution
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electron energy loss spectroscopy (HREELS). Theifinations of 40 nm gold nanoparticles
and Au(111) with nitrobenzene moieties (from theegponding diazonium salt) were obtained
spontaneously in acetonitrile. Similarly to otheams dealing with carbon-gold bonds, the
authors detected a band at 412'cim the SERS spectrum of the grafted gold nanapesti
(Figure 23) and a weak band at 420'cim the HREELS spectrum of modified Au(111) that
they assigned to a Au-C stretch. The attributiorthait bond was confirmed by calculations
(DFT modelling).

Figure 23— Raman spectrum of solid NBDT (dNB, solid reat)imnd SERS spectra of unmodified
40 nm gold nanoparticles (AuNPs, solid green lioe\NBDT-modified AuNPs (solid black line) and of
AuNPs reacted with nitrobenzene (dashed blue éxpanded near 400 Enextracted from the work of

McDermotf?,

[11.2.1.2 - In chemically induced grafted films
Although claimed by all the authors working on ttemical reduction of diazonium salts
by HsPO, on various forms of carbons, no clear evidence afovalent grafting has been
showrt® 2 22 4344 The gassumption of such a characteristic of thesfseems to only be based

on analogy with the results obtained for the et@tiemical and the spontaneous grafting.

111.2.1.3 - In electrochemically grafted films

Most of the studies dealing with the existence mfaayl-substrate interface bond concern
electrochemically grafted films. As for the sporgansly grafted films, the first and most
common argument for a covalent grafting relies lmn ¢hemical stability of the polyphenylene
layers. First, as described in the very first pedtion$™ “° on the electrochemical grafting of
diazonium salts, the films remain stable aftermbpnths at air exposure. The layers were also
observed to resist to severe rinsing procedsesch as HF rinsing in the case of the grafting
on Si) and to sonication proceduré& (long™* or in various solventy. The stability of the
films was also investigated electrochemically bplging very negative or positive potentials at

the grafted electrode. D’Amoukt al>?

demonstrated that the electrochemical polarization
the modified electrode could remove some aggreggasrated during the process but could

not completely free the electrode from the polyptheme film. To finish, the mechanical
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stability of the Si-C bond was tested by APMAfter scratching the film with the AFM tip, a
very thin layer of polyphenylene was still detectfay XPS). Moreover, Charlier and
coworkers® determined that the grafted polyphenylene filmmasposed of a strongly adherent

first layer, covalently linked to the substratelwain top a weakly bonded overlayer.

By comparing self-assembled monolayers (SAMs) ablshto polyphenylene layers
electrochemically grafted through the reductiordisizonium salts on gold, Shewchekal>*
concluded that under certain conditions, electrotgbally formed aryl films were more strongly
bonded to gold surfaces than the thiol analoguescknt study, using first principles density
functional theory (DFT) simulations, predicted agher value of binding energy for aryl
C-Au(111) than aryl S-Au(111) which is in agreemeith the experiments described above.

Other computational investigatiofisorought support to the evidence of bonds between a
metallic surface and aryl groups from the orgailio.f For Fe, Cu, Pd or Au substrate, the
C-Metal bond energy was shown to depend on thetselanetal indicating a lower binding
energy for C-Au(111) than for the three other nsetalentioned. In addition, Jiang and
coworkers established the most stable structunesigdght or tilted configurations which, in
the case of a gold substrate, consist in the apdglinked to the surface by a single carbon

atom (Scheme 43).

a) b)

Scheme 43- Optimized structures for phenyl groups on gaidaces in a) upright and b) tilted
configurations extracted from Jiang’s wtftk

Using spectroscopy techniques, much stronger ewetermf the existence of a covalent
interface bond were detailed. The results, obtaimgdhe in situ monitoring of the Raman
spectra, over a wide range of potentials, of 4ebignzene as a free molecule as well as a
chemisorbed monolayer on glassy carbon electro@EjGurface, were consistent with strong
electronic coupling across a conjugated phenyl-phdond at the film-GC interfacé
However, the most direct evidence of the naturthefinterface bond was recently provided by
McDermott and coworket$using high-resolution electron energy loss spectipy (HREELS)
on electrochemically modified Au(111). As a conation of their work presented above on the
spontaneous grafting on gold nanoparticles, from dbservation of a band at 420%nthe
authors concluded that a Au-C covalent bond is éarimpon typical electrochemical grafting of
NBDT on Au(111). A few teams also attempted to destiate the existence of a metal-carbon

interface bond using XPS spectroscopy. On electroatally modified iron surfac&$ a minor
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component centred at 283.3 eV was observed on the €re level spectrum and assigned to
the XPS signature of a carbide type of carbon dniginates from the formation of a covalent
Fe-C bond. Similar XPS characterizations were gitethon other metals. Nevertheless, on Si,
only an indirect proof of the Si-C bond was folinghereas on gold substrates, closer results to
those on Fe presented above by Laforgual’® were obtained. As illustrated in Figure 24, a
small shoulder, at low energy, in the C 1s corellepectrum of a 4-carboxyphenyl modified
gold electrode was observed which could be fitteth va Au-C component at 283.5 eV.
However, the authors admitted that this resultrat constitute an irrefutable evidence of the

existence of a covalent film-gold interface bomtsiits signhature was very weak.

Claimed
Au-C

/

Figure 24— C 1s core level spectrum of a polycarboxypherg/khin layer electrochemically grafted on
gold electrode extracted from the supporting infation of Laforgue’s work.

[11.2.2 - Our experiments

The anchoring processes based on diazonium saltsding the spontaneous grafting
process are considered as covalent grafting metbbgelymer or polymer-like films in the
case of polyphenylene layers. In contrast to edetemically grafted films, no direct evidence
of covalent substrate-film bond in our films wasabéished. To date, only indirect proofs of the
existence of a covalent bond were found consistirg resistance of the layers to sonication in
solvents, 30 min in DMF at 60°C as well as Soxhldtaction in EtOH overnight (cf V.3.2). As
the formation of a bond between the surface andtbanic layer represents one of the main
characteristic of the processes studied in thiskwparticular efforts were made in order to

demonstrate it from polyphenylene grafted substrate

One of the most direct techniques to observe aaseifilm bond is XPS, for which the
studied substrate has to be chosen carefully. Agthp as reported above, Laforgue and
coworkers attempted such a study on §oldhis metal is not very adapted. First, the

electronegativities of gold and carbon are vergelf, = 2.55 and », = 2.54 using the Pauling
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scale) which indicates that the signal from potn#u-C bonds would be difficult to
distinguish from C-C bonds on the C 1s spectrunsoBeé, the small amount of Au-C bonds in
the films in comparison to the C-C bonds (at best carbon atom from each grafted aromatic
ring should be involved in Au-C bond versus fivenicbuting to C-C signal) would make the
signal of interest very weak and merged in the pelakC-C at 285 eV. Consequently, the
experiments were carried out on substrates suclgeasianium (ge=2.01) and nickel

( ni = 1.91) since (i) their electronegativities arerdo than the one of carbon, (ii) the values of
their oxidation potentiéﬁ (E°ce2dge = 0.24 V and Eg../n = -0.257 V) are low enough to reduce
most of the diazonium salts and (iii) methods anewn to remove the oxide from their
surfaces. In order to remain as close as possilileetexperimental conditions employed in our
classical experiments, germanium wafer was the dirbstrate of interest since its oxide can be
removed in aqueous solutions. In addition to themmercially available NBDT,
4-methoxybenzenediazonium tetrafluoroborate (MBWE)s tested to determine the influence
of the electronic effects of the substituent groopshe detection of the interface bond. Another
compound, the 3,4,5-trichlorobezene diazonium walg likewise employed in order to enhance
the detection of Au-C since it would sterically tinthe layer growth and increases the ratio
Au-C/C-C. Those three diazonium salts should bents®ously reduced by germanium and
nickel. Indeed, the redox potentials of NBDT and IMBare respectively of 0.49 V (/NHE)
(see 11.3.1.3) and 0.25 V (/NH®) Concerning the trichlorobenzene diazonium sh#, redox
potential value has not been measured yet. Howeherexistence of a linear relationship
between the Hammett coefficients fpara substituents of diazonium cations and the redox
potential was reported in organic médias well as in acidic solutioffs As the Hammett
coefficient of a chloro substituent is likely te Ibetween the nitro and methoxy ones, this third

diazonium salt could therefore potentially be restliby the two substrates of interest.

[11.2.2.1 - On germanium wafer

The first experiments aiming at proving the existewf the covalent interface bond were
performed on undoped (100) germanium wafers spentssly grafted with a diazonium salt.
As silicon, germanium is a very reactive matenigihfing, at air exposure, oxides on its surface.
In order to observe the Ge-C XPS signature, priatinents had to be carried out to remove
these oxides. To date, a few methods were reptotée efficient at removing the germanium
oxide including a UV-ozone oxidation in air follodkeby thermal desorption in ultrahigh
vacuuni’, a wet chemistry methodology (hydrohalogenic actthing§® or electrochemical

pulses.

Hydrohalogenic acids etchings were identified asdantageous route not only to remove
the oxide and contamination but also to enhancstdislity of the resulting Ge surface, making

it suitable for wet functionalization. This treatmieconsists in the repetition of the three

97



Chapter Il — Spontaneous grafting of diazoniuntssal

following steps: oxidation (by ¥D,) — rinsing (by HO DI) — etching (by HBF?. With a view to
functionalize the substrate, the diazonium saltetrored above were directly added in the HBr
solution during the last cycle of treatment. Frdtnaind XPS analyses performed on the grafted
germanium samples, it is difficult to conclude & grafting of the methoxy diazonium salt
since there is no marker such as nitrogen or e¢féan this molecule. Moreover, since no C-O
bond can be distinguished in the C 1s spectrum, caesidered that the grafting was
unsuccessful. Nevertheless, strong evidences wé@ssful grafting in the case of the trichloro-
and nitro- benzene diazonium salts were found. &utllustrated in Figure 25, no evidence of a
component at low energy in the C 1s core level tspamould be observed in those two cases.
Since the observed Ge 2p spectra are characteistiidized Ge substrates, it can be assumed
that no Ge-C bond can be identified due to a pemoval of the oxide leading to the diazonium
salt grafting on top of this oxide layer. Howeuis hypothesis has to be discarded. Indeed, the
same etching method followed by the grafting oftQiBls has led to the formation of a grafted
SAMs on oxide free germanium, thus demonstrating efficiency of this wet chemistry
methodology to remove the germanium oxide. Thegmes of oxide on the sample can simply
be explained by the transfer from the glove boxtihe XPS, at air exposure, of the
non-passivating polyphenylene films after their thgsis. Therefore, it is likely that the
detection of a Ge-C bond is prevented due to a Mavygrafting density of aryl groups on the
surface from which results a too small amount ofG3egond in comparison with the number of

C-C bonds and an easy reoxidation of the Ge surface
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Figure 25— C 1s XPS spectra of nitro, methoxy and trichloeazene diazonium salts (0.001M)

spontaneously grafted on germanium wafer afteraiiad-rinsing-etching cycles.

Similar results were obtained for germanium wafeigally treated by electrochemical
pulses in order to remove the oxide layer and #mantaneously grafted with diazonium salt.
The electrochemical treatment, using the germannafer as working electrode, proceeded
through a first electrochemical pulse at -4 V fOrriin followed by 10 cycles from 0 to -2 V in
a 50:50 saturated KBr and HCI (10 %) solutions. iAsthe previous case, the methoxy

diazonium salt was not successfully grafted onstifestrate and no evidence of Ge-C bond was

98



Chapter Il — Spontaneous grafting of diazoniuntssal

obtained in the other cases, which can certainlgXy@ained by the same reasons mentioned
above.

To conclude, germanium wafers did not work out #® \ery adapted substrates to
demonstrate the existence of a covalent film-serfacnd. Therefore, our attention turned to

nickel surfaces.

[11.2.2.2 - On nickel plates

Nickel was already used for the observation of tredebon bonds resulting from the direct
electrografting of vinylic monomers in aprotic citiwhs™, mainly because (i) nickel oxide is
electroreducible in organic media, and (ii) nicklctronegativity is far enough from the carbon
one to allow a specific XPS signal to be observédn electroreduction of nickel oxide operates
under a controlled argon atmosphere and consistgeiforming a cyclic voltammetry in
anhydrous acetonitrile, with tetraethyl ammoniumcp&rate (TEAP) as supporting electrolyte
and using nickel plates as the working electfod&he spontaneous grafting of the three
previously mentioned diazonium salts was carrigdrothree steps:

1. The nickel oxide was reduced by cyclic voltammaetryanhydrous acetonitrile in the
argon atmosphere of a glove box. The potential eyaked between the rest potential of
the electrochemical cell and a variable final pog10 mV/s scan rate — 1 cycle).

2. The nickel working electrode was then disconnediein the power supply and
introduced rapidly in the ACN diazonium salt sabuti(0.046 M) for 30 min.

3. The substrates were rinsed with ACN and transfeatesdr exposure from the glove box
(controlled atmosphere) to the XPS chamber (higluwe).

Thanks to a rapid study of the grafting of the éhdgazonium salts, we decided to focus on
the spontaneous grafting of methoxybenzenediazorsaln (MBDT) since it gave the most
promising results with a view to detect the Ni-Ontbo As mentioned in the literat§re the
electroreduction of the nickel oxide starts at XU/SCE. In the same time, cathodic
electrografting of the supporting electrolyte TEA&ivatives is observed on metallic electrodes
at potentials below -2.2 V/SCE A redox mechanism for this grafting was propolgduriak
and coll®®. Since those two values are close, it is likelgtta compromise has to be found
between those two phenomena. Therefore, we testsitleé range of final potential values
during the electro-stripping of nickel oxide. Inchacase, one sample analysed directly after the
electro-stripping was used as a reference for tesponding sample subjected to the
spontaneous grafting of MBDT diazonium salts. Fostance, the C 1s XPS spectra
corresponding to MBDT grafted nickel substratesval as to pristine nickel plates after cyclic
voltammetry reaching -2.2 V are shown in Figure P6e most intense peaks around 285.1 eV
is typical of carbon atoms such as in -€tdnd —CH- groups. The components near 286.5 eV

is indicative of C-O and C-N bonds whereas at 288.TCOO oxidized structures are identified.
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In addition, at low binding energy, a shoulder wéserved in the case of the grafting with
MBDT. As already reported in the literatfté” ®® this minor component, centred at 283.5 eV,
can be attributed to carbon atoms involved in adbeith surface nickel atoms. In this case, the
difference with the reference sample is clear hatpgeak is still very weak. Besides, the O 1s
spectra, not shown here, indicate that the nickeleowas only partially reduced. Hence, the
weakness of the peak at 283.5 eV could either piied by a low grafting density, or by that

partial nickel oxide reduction.
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Figure 26— C 1s XPS spectra of a) pristine and b) MBDT46M) spontaneously grafted on nickel
plates after cyclic voltammetry (between the redéeptial of the electrochemical cell to -2.2 V/SGIE,
10 mV/s scan rate).

b) C-CIC-H

CPS

The area values of the Ni-C component in the C BS Xpectra as a function of the final
potential used for the removal of the nickel oxate listed in Table 2. No value in the table
means that a satisfactory fit of the C 1s XPS spettcould be obtained without any Ni-C
component (as shown in Figure 26a) and therefaosé b Ni-C bond was observed. Three
different regimes can be distinguished from theltegyathered in Table 2:

1. When the final potential of the stripping step &dw -2.3 V, Ni-C bonds are observed
on the reference samples, indicating some graftiom TEAP. Moreover, the more
negative the final potential during the strippintgps the more Ni-C is observed
Therefore, from and below that threshold, only acréase of the Ni-C amount when
comparing the pristine nickel plate and the “gmiftone could demonstrate the
efficiency of the spontaneous grafting from thezdi@um salts. Unfortunately, no
difference of area values of the Ni-C componentsiétected between pristine and
grafted samples previously treated at potentialgetothan -2.4 V. These results are
consistent with an increase of the TEAP graftingoater potentials preventing the
grafting of the diazonium salt.

2. In contrast, for final potentials above -2.2 V, signal from Ni-C is detected, neither on
pristine nor on “diazonium treated” samples. Theesigce of Ni-C signature means that
the potentials used are neither negative enougkdiace TEAP nor to remove the nickel

oxide from the surface.
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3. The most relevant experiments to demonstrate tisteece of a covalent substrate-film
bond concerned samples for which the stripping sé&ghed -2.2 V/SCE. Indeed, no
grafting of TEAP is detected in this case, but gnal from Ni-C bonds at 283.5 eV
could be detected after contact with diazoniunssdlherefore, even if that signal is not
very intense in comparison to the one reported byi@uet al®, it can entirely be
attributed to a metal-carbon bond at the inter{f&igure 26b).

Table 2— Area Values of the Ni-C peak observed in thes@dre level spectra of pristine or grafted by

the methoxybenzene diazonium salt (0.046 M) niskibistrate according to final potential (/SCE)
reached during the cyclic voltammetry (10 mV/s segr) performed to remove the oxide.

Area of the carbide component (a.u)

Lowest CV A7V -2V 22V 23V 24V 28V 29V
potential
Reference - - - 118 137 139 192
OMe diazonium - - 164 157 142 147 193

The nitrogen content was also analysed in thatrlaihse (stripping at -2.2 V, followed by
treatment with MBDT). The corresponding N 1s XP&devel spectra are displayed in Figure
27. A nitrogen peak centred at 400 eV in the spettof the pristine nickel plate is clearly
present and assumed to correspond to surface orgamiamination. The N 1s signal observed
on the sample treated with the diazonium salt @éosita similar component, arising from the
same contamination as well as azo groups from th®ontaneously formed
poly(methoxyphenylene) film grafted on nickel. Add&ional component was also detected at
low binding energy (397.7 eV), which could be assmjto Ni-N bonds from the substrate-film
interfac&’. Therefore, this result reveals the existence afeeond type of grafting of the
diazonium salt on the nickel surface likely to coimen the formation of NN=N-F -OMe. The
probable origins of this grafting will be discusdsedl.3.1.3. In addition to the presence of a
new peak, the contribution of the second nitroggomain the following structure:

Ni-N=N-F -OMe may be accounted within the main N1s pealoateV.
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Figure 27— N 1s XPS spectra of a) pristine and b) methomgbee diazonium salts (0.046 M)
spontaneously grafted on nickel plates after cyabitammetry (between the rest potential of the
electrochemical cell to -2.2 V/SCE, at 10 mV/s stg.
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To conclude, by scanning a wide range of final ptiéds during the electro-stripping of
nickel oxide, Ni-C as well as metal nitride bondsrmed by the spontaneous grafting of
methoxybenzene diazonium salt and characteristitheffilm-substrate interface, have been
successfully observed. However, only spontaneoaftegl films from this specific diazonium

salt provide those interface signatures. We havexptanation for that at the moment.

We did not perform further experiments on nickeldemonstrate the existence of this
interface bond with other grafting conditions. ledethe experimental conditions we used in
this study are quite remote from those typicallyptyed in these anchoring processes;
particularly, working in organic media is not stigory since one of the main interests of these
anchoring methods is to occur in aqueous solutibiswvever, we believe that a similar
behaviour, even in aqueous solutions, would be rebdeon other substrates able to reduce

diazonium salts as long as they are oxide free.

In the case of gold substrate, the detection ofi subond is not very likely for the reasons
mentioned in 111.2.2. Nevertheless, although golhrwot a priori reduce diazonium salts
(E°a>"a=1.5 \?%), a polyphenylene film has also been detected aftmersion of gold plates

in aqueous solutions of diazonium salts.
l11.3 - Spontaneous grafting on gold

Given that gold was chosen as the main substraiatefest in this work, typical films
obtained by the spontaneous grafting of NBDT ordgeére characterized in details. Then, we

examined the mechanism of the spontaneous formatipalyphenylene films on gold.

11.3.1 - Typical films

To study the composition of spontaneously graftieasf gold plates were immersed for 1h
in an aqueous solution §8 DI pH = 5.5) containing only the NBDT diazoniuralts The
substrates were analyzed by contact angle measatemB-ATR and XPS, after a rinsing
procedure consisting in a simple wash with waténaeol and acetone followed by 5 min
sonication in DMF (as described in 11.3.5) supposedemove all the non-grafted species from

the surface. The usual settings for the acquisiiottata are detailed in appendix 1.

IR-ATR is a usual technique for the determinatiéith@ chemical composition of materials
particularly adapted for studies on thin films afidt reflective surfaces. The spectrum
corresponding to the spontaneous grafting of NBMTgold is shown in Figure 28 and the
assignment of the peaks is summarized in Tablelt3exhibits two absorption bands at 1525
and 1350 ci attributed to, respectively, the asymmetric anthmsetric stretching of N©
groups linked to aryl and a third weak one at 1603 consistent with the presence of aromatic

rings in the organic layer. Moreover, it is notethgrthat no band in the 2300-2130 tragion
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for the stretching of the NN bond in the diazonium catith®is present in the spectrum, which
indicates the loss of the diazonium group durirg phocess. According to previous results on
the electrochemical grafting of NBDT on gold eledes® °> " it can be concluded that this IR
spectrum is characteristic of a polynitrophenyléke{PNP) layer.
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Figure 28— IR-ATR spectrum of PNP layer spontaneously gchfin gold plates obtained by immersion
in a 0.046 M NBDT solution for 60 min.

Table 3— Attribution of the IR absorption bands of a sfameously grafted film on gold plate from a
NBDT aqueous solution.

Wavenumber (cm?) Vibrations Assignments
1600 c=c aryl group
1525 o2 nitro group
1350 *NO2 nitro group

The presence of an organic film on gold substrdter sspontaneous reaction is also
supported by static water contact angle measuremeristine gold substrate gives an angle of
94 + 6° and this value decreases to 72 + 3° aftdtigg as illustrated in Figure 29. However, a
value of 58 + 4° for a PNP layer was repottett The difference in contact angle could be
explained by a low grafting density of polynitroplyene on the surface giving an intermediate

value between the bare substrate and a typicalfiiNP

Figure 29— Static water contact angle of a) pristine galdssrate and b) after spontaneous grafting of
NBDT.

The N 1s core level XPS analysis (Figure 30) camdithe presence of the PNP layer on the
gold substrates. No peak that would be attributeditrogen atoms in diazo group can be
observed indicating a transformation of the diaaomication First, the peak centered at
405.8 eV is attributed to nitro grodifs> ® Since it has a large FWHM (full width at half
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maximum), the broad peak around 400 eV can be deesed in two peaks (corresponding to
NH, or/and N=N groups) as it will be discussed belokinally, the peak at a lower binding
energy (397.5 eV) is assumed to indicate the poeseh Au-N bonds since a similar binding
energy peak was found when studying gold nittite electrochemical oxidation of aliphatic
amine$’. To the best of our knowledge, this is the fimste that such a bond, characteristic of
the interface, is observed in the case of theigmatif diazonium salts on gold. The most similar
results dealing with the existence of substrate NroNds at the interface concerns the grafting
of diazonium salts on carbon (detailed in 111.3)1.Bhe C 1s core level analysis (not presented

here) also confirms the presence of a PNP lay¢éhegold substrate.

15800
] N 1s

15600

" 15400

CP

15200

15000 { 1

14800 T T T T T T T
410 408 406 404 402 400 398 396 394
Binding Energy (eV)
Figure 30— Typical XPS N 1s core level spectrum of PNP iapgontaneously grafted on gold plates
obtained by immersion of the substrates in a 0Nd4$BDT solution for 60 min.

Owing to similar IR intensities and XPS spectrunarththiol derivated nitrobenzene
monolayers on gold (the total N 1s peak area is&b0in case of diazonium salt derivated
nitrobenzene layers and 460 a.u. in case of tldnVdted nitrobenzene monolayers), we assume
that this polynitrophenylene-like layer is veryrthiHowever, we did not manage to get a
relevant measurement of the thickness of the filmdeed, the roughness of the gold substrate
(cf 11.3.4.2) in the case of measurements with ptfilometer and ellipsometer in addition to
the lack of adequate models of organic layers dd igothe latter case were the main obstacles.
Therefore, the comparison of the graftings willyobhke based on the variation in IR absorption
intensity of the characteristic nitro bands andX®t measurements. However, in the case of
IR-ATR, in view of the range of absorption values will deal with in this case (between 0 and
1 %), it is important to be aware of the limits this technique. The limiting factor in the
comparison of the samples is not the sensitivitgshold of the equipment (close to 0.05%) but
the variability of the ATR measurements. Indeed;AIRR measurements are influenced by
environmental factors (for instance the pressupiegh on the sample ensuring a good contact
with the ATR crystal) as well as parameters inheterthe sample (for example its roughness).
Regarding the spontaneous grafting of NBDT yOHDI, the variation on the intensity of the

symmetric stretching of NOgroups (°vo2) around the average value reaches * 0.02 % when
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considering measurements taken on the same sabgded on three points of measurements
along the substrate), approximately + 0.03 % forasneements on three different samples
grafted in the same reactive solution (coming frill® same evaporation batch of gold) and
+ 0.08 % if comparing measurements on films syrntleesseparately (over two years). As a
result, we will only compare samples first obtairtatting the same gold evaporation then,
when possible, grafted in the same solutions oren@Edhe same reactants. Moreover, in the
case of XPS measurements, comparisons of graftiigomly be undertaken for samples

analysed in a row.

Before going into further details in the study bétspontaneous grafting on gold, we will
describe the assignments of the broad XPS pedieihlls spectra and discuss the origins of the
corresponding groups which presence could be u$afuhe understanding of the mechanism

of this process.

111.3.1.1 - Assignments of the peak at 400 eV

The attribution of the large peak at 400.0 eV wetsieved using a parallel with PNP films
synthesized by the electrochemical reduction of NB[lthough the first team to have
successfully grafted NBDT on GC plates did not nmmiany peak around 400 eV in their
study, the existence of such a peak was later wbdday Allongue and coworkéfswho, at the
time, considered it as contamination. That intdgiren of the peak was however quickly
discarded and changed for the presence of aming=N"® azo (-N=N-Y"2°"" 8groups or
both* °* ™ as detailed by Downard and cBll.Even though some of the authors do not fit this
signal with two peaks in the case of the graftifig\BDT>?, it is likely that the component
around 400 eV is constituted by both types of gsaipce the signal is broad.

The most relevant study aiming at attributing tlmenponents of N 1s XPS signal was
recently conducted by Tessier and coworKefBhrough the analysis of physisorbed films on
gold substrates from aromatic molecules bearing,n@mine, azo groups or combinations of
those groups, they clearly assigned the peak ard@@ceV from the results summarized in
Table 4.
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Table 4— XPS analyses of reference molecules and thgrameints of their nitrogen groups extracted
from the work of Tessié¥.

Binding

Name Molecule Energy (eV)

Assignments

1,4-
phenylenediamine HZN‘Q““Z 399.7 —NH

' B 399.7 —NH
4-nitroaniline 0N NH, 405.9 —NQ

Azobenzene @fN\\N@ 400.1 ~N=N-

399.5 “NH

Disperse orange OZN‘@*N\\ 400.9 —N=N-
NONHz 402.2 N1is
406.0 _NQ

Therefore, in accordance with those results, wherN1s peak at 400 eV is broad, we will
fit it with two components: one slightly below 46V corresponding to —NHgroups and
another a little above 400 eV attributed to —N=Newever, the origin of those peaks remains

unclear and will hence be discussed now.

[11.3.1.2 - Origin of amino groups
Several papers on the spontaneous grafting or eeldttrografting of NBDT reported the
presence of a XPS peak corresponding to ~biidups in the grafted films on gold®® ** “as
well as on irof, carbor!, copper and zi¢ "’ To date, two main explanations have been
proposed: the electrochemical reduction of the §@up in protic media or its reduction under

exposure to X-ray irradiation.

Electroreduction of nitro —N£groups

Aminophenyl groups are known to be formed by thduotion of nitrophenyl groups on the

surface of the substrate in acidic media in presefielectrons as represented in Scheme 44.

Scheme 44- Reduction of nitro groups into amino groupséide media extracted from Delamar’s
work®
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Such a reduction was studied by Delamtial® in protic (10/90 v/v EtOH/KD) and in
acidic (10 % HSO,) media on PNP electrografted carbon fiber eleesodn both cases, they
managed to observe the reduction peak of.N@ter, by XPS analysis of aryl-modified glassy
carbon electrodes after polarization, Bélanger @norkers? demonstrated that according to
the selected potential, the nitro groups could asiadly or totally reduced in amino groups.
More recently, a study on the electrochemical respaf reduced PNP films on glassy carbon

also confirmed the conversion of nitro into amimoups in protic medfa.

Regarding the spontaneous grafting, experimentse wagrformed in acidic media.
Nevertheless, an electron transfer has not beeomgmted. In the case of the process induced
by a reducing agent (described in chapters 1V, ® ¥, involving electron transfer, a similar
pathway for the formation of amino groups as the gmoposed by Delamar could be
contemplated. However, the experimental condititnsuch experiments are quite far from
those commonly used and —hgroups were also observed inHDI (pH = 5.5) which is the
main solvent in this work. Therefore, it is verylikaly that the reaction described above can
occur in our case. Exposure to X-ray irradiatiofi i@ thus considered as another pathway to

explain of the presence of the amino groups irPiRe films.

Exposure to X-ray irradiation

The degradation effects of XPS on terminal groupeevalready observed in the case of Br-,
CHs- and COOH-terminated alkylsilane self-assembleaiatayers principally on silicdtr &
Hence, as mentioned in electrochemical graftingissiof PNP layers, the reduction of nitro

groups in the films under the effect of X-ray iri@bn during XPS analysis was considéfed
71,77

The first evidence of the transformation of surfdé®, groups to amino groups upon
photoelectron irradiation was shown by Grunze amiti® during their work on biphenylthiol
monolayers on gold. A new peak at 399.3 eV in thhe MPS spectrum and the disappearance of
the peak characteristic of nitro groups at 406.0w¥s observed. Later, Mendes and
coworker§® demonstrated a similar behaviour in the case gfni&mo-terminated silane
multilayers grafted on silicon substrate and proagzhrtial desorption of nitrogen groups, since
the total nitrogen signal was slightly decreasipgruX-ray exposure. The results obtained by
Igbal et al®® on an X-ray study of SAMs with irradiation timeggested that such a reduction

was essentially observed on nitro groups attaohed taromatic ring.

However, although this phenomenon was frequentgenked, only a few authors suggested
a possible mechanism of the X-ray-induced reductibmitro groups into amino groups, for
which electrons and protons aeriori required. Secondary photoelectrons emitted duheg t

XPS analysis constitute the source of electrondoAthe hydrogen atoms required, Grunze and
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coworkeré® suggested that they were generated by the eletdoiced dissociation of the C-H
bonds in the biphenyl units whereas for Haral® it is more likely that hydrogen atoms come

from water or solvent molecules trapped within ti@nolayer.

To conclude, PNP films are prone to substantialmibal transformations during XPS
measurements. However, as the XPS spectra presentédure 30 displays both nitro and
amino groups, it is likely that the reduction of G\Nto —NH, groups is only partial and mainly
involves nitro groups from the outer surface of filra. Since the presence of amino groups in
the films may come from an undesirable reactiorinduthe XPS analysis, experiments were
performed in order to make sure that no amino gsowgre present prior to the XPS

characterization of the films.

Investigation of the presence of amino groups if? Fikins before XPS analysis

A priori, the presence of NHyroups could be detected easily by performingfhanalysis
of the PNP films. The characteristic bands of,MNjfoups should be found between 3300 and
3500 cnt in the case ofy, and in the 1580-1650 c'h‘range for cnu. However, the former
band is hidden by the presence of a large sigtd@bated to liquid water in the MCT detector
(condensation phenomenon at low temperature) amdatter band could be mistaken for the
c=c absorption from the aromatic cycle. Conseque®BATR cannot be used in this case to
characterise the presence of amino groups in thmes.fiTherefore, we concentrated on
alternative ways based on the reaction of -§idups and the detection of the induced changes

in the film composition.

The first reaction tested was an acetylation reactionsisting in immersing, for a few
minutes, the PNP grafted samples in a trifluordacathydride solution (0.4 M) in THFin
order to form an amide bond. Spontaneously grdited as well as layers synthesized through
the induced reduction of NBDT by a reducing ageatesstudied. In both cases, no absorption
band typical of an amide bond (around 1690'cwas detected in the corresponding IR spectra.
Therefore, the presence of amino groups in grdfted seems unlikely. In order to confirm
this hypothesis, we performed a diazoniation reactiindeed, as described in 11.3.1.1,
diazonium salts can be synthesized from aromatio@eompounds. Such a transformation of
a polyaminophenylene films grafted on gold int@gek with terminated diazonium groups was
already achieved by Viadt al®’. After 1 min in a NOBFE solution (10° M) in ACN, the two
types of PNP films mentioned above were chara@érlzy IR. The spectra remains the same
than prior to the oxidizing treatment. No additibiend around 2300 chthat could be

assigned to aryldiazonium stretching was observed.

From those results, it can be concluded that teegurce of amino groups in the film directly

after synthesis is very unlikely. Consequently phesence of NHsignals on the XPS spectrum
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can be most likely attributed to the reduction wfongroups into amino groups under exposure
to X-ray irradiation during the XPS analysis. THere, in the following XPS analyses, the
amount of nitro groups in the films will be calcidd by adding, on top of the observed area of
the NQ peak, the area of the peak attributed to the aminaps and sometimes to protonated
amine NH' as described in IV.1.2. Let us now deal with thigio of the other nitrogen
contribution in the XPS peak at 400 eV identifiedaao groups.

111.3.1.3 - Origin of azo groups

The presence of azo groups in grafted films froazdiium salts was studied by XP$& as
well as ToF-SIMZ’. As in the case of NHgroups, the origin of azo groups in the films was
widely discussed in the literature and to datdilsunder debat¥ * "* The main mechanisms
proposed so far describing azo bridges at the saidad within the film will be detailed below.

Bélanger and cof® " were the first to propose a mechanism for thetemie of azo groups
in such organic layers. By undertaking a studyhs spontaneous reaction between carbon
black and aryldiazonium salts in aqueous solutibey assumed that the linkage arises from a
diazonium coupling reaction between the phenolircfionalities on the carbon surface and the
diazonium cation as represented in Scheme 45kurlcase, although azo bridges are observed,
the substrate employed (gold plates) is very uhjike display such functionalities. Moreover,
such a mechanism suggests that azo groups arelamalied at the film-substrate interface.
However, according to the XPS area ratio of Au-N¢NN found in typical films such as the
one shown in 111.3.1, it is likely that azo groupse present within the whole film thickness.
Therefore, it is very probable that another medranis involved in the case of graftings on

gold.

Scheme 45- Possible linkage between aryl groups and a cesbhdface by a) a C-C bond and b) an azo
bridge in ortho of a phenolic functionality extradtfrom the work of Bélanget af®.

An alternative explanation involves the formatidran intermediate diazenyl (or azophenyl)
radical during the reduction of the diazonium aatiindeed, according to G&fli when a
diazonium salt acquires an electron it createsazetlyl radical (R=-N=N), a rather labile
species, that can gives up dinitrogen to form ghradical (RF ). The reaction of this diazenyl

radical on an aromatic ring previously attachedlmn surface or directly on the surface, as in
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Scheme 46, was considered by Laforgue and cowdfkerexplain the presence of azo groups

inside the layer as well as the film-substraterfatee (whatever the substrate).

Scheme 46- Potential mechanism involving diazenyl radicaékplain the presence of azo groups
extracted from the work of Laforgues al*.

The previous mechanism implies the existence adzedyl radical. However, according to
Doppeltet al”’, it is a very unlikely mechanism since such intediate species can only be
produced at high driving force (pulse radiolysis)ab very negative potentials. Consequently,
they proposed another mechanism, summarized inngcH&Db, for the formation of azo bonds
in those organic films derived from the growth memmism of electrochemically grafted

polyphenylene layers.

S=Substrat

Scheme 47 Proposed mechanism for the formation of azo b@xtracted from the work of Doppelt
al.”".

110



Chapter Il — Spontaneous grafting of diazoniuntssal

That mechanism cannot however explain the presehezo bridges at the film-substrate
interface. Although the existence of Cu-N#Nstructures was reported to be very unlikely
since the two nitrogen atoms were expected to ggparate peaks in the XPS analysis, in our
case, we have clearly identified the presence ofNAbonds. Therefore, a mechanism in

agreement with this latter result has still to béedmined.

111.3.1.4 - Conclusion on the structure and chemical compasitd the
films

To sum up, from the IR and XPS characterizatione, dtructure of spontaneously grafted
films on gold from NBDT has been deduced and isesgnted in Scheme 48. The presence of
expected C=C bonds (IR:=1600 cn) as well as nitro groups (IR:*\0=1525 cnit,
S0:=1350 cm; XPS: BB, 406.0 eV) has been detected. The XPS analysisalsas
revealed the existence of Migroups (BRy, 399.5 eV). Since amino groups are certainly due
to the reduction of nitro groups under X-ray irgtn during the XPS analysis, those amino
groups will be counted with the N@roups upon quantitative comparisons. Azo bridgsisle
the films (BER=y 400.5eV) and Au-N bonds from the film-substratateiface
(BEaun 397.5eV) have also been identified in the PNRdil To date, no mechanism can

fully explain the presence of both species in penganeously grafted PNP films.

NO,
Scheme 48- Structure of NBDT spontaneously grafted filmsgmtd deduced from surface
characterizations.

I11.3.2 - Previous mechanisms proposed

The spontaneous grafting of a polyphenylene layegold has already been reported in
2002 by Fanet al® in acetonitrile and explored later in various na&di'® by different
techniques including scanning electrochemical nsicopy (SECMY and surface-enhanced
Raman scattering (SERS)However, the mechanism involved in this phenomeramains

unclear although the following propositions weredma

As mentioned above, gold shoula priori, not be able to reduce diazonium salts into the

corresponding aryl radicals. However, accordingDiownard and colt!, the spontaneous
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reaction in aqueous acid solutions can proceedaniglectron transfer from the gold to the
diazonium cation. Indeed, Downard and coworkerscrilgsd a jump in the open-circuit
potential (OCP) of the gold working electrode ugba introduction of the diazonium salt in
solution, followed by a slow decay of the OCP. Ag increase in the OCP of conductive
surfaces could indicate the accumulation of pasitiharges on its surface, they assigned this
behavior to an electron transfer from the goldhe t¢liazonium cation. The slow decrease of
OCP was associated with the discharge of accunaufaisitive charges, perhaps through slow
oxidation of adventitious impurities in the reaatisolution. Hence, aryl radical species should
be produced from that spontaneous electron transfewever, when we immersed gold
substrates in a NBDT/HEMA aqueous mixture (with@uty reducing agent), we did not
observe any grafted PHEMA on the gold surface. @Qwin the expected mechanism of
Graftfast™ experiments (briefly described in 11.1), we caatsteither that no aryl radicals
initiated the radical polymerization of the vinyliwonomer or that the amount of radical species
produced was too low to end up grafted on the sarta simply to be detected on the surface
by XPS. Therefore, our experiments are not in agess with this spontaneous or

“gold-activated” homolytic dediazoniation of diazom salts.

A second mechanism going through a heterolyticypayhcould also be envisaged. Such a
dediazoniation would lead to the formation of rieazene cations (known to be intermediate
species in the degradation of the diazonium s#dt mitrophendt’) able to graft spontaneously
on electron rich surfaces such as metals. Nevedhkelthis mechanism involving cationic
species would not be consistent with the graftingasic solution observed by Podvorataal '®
assumed to occur at pH 10 via the spontaneous tmdediazoniation of diazoates producing

aryl radicals.

Therefore, as concluded from a solution study cotetliby Pazo-Llorente and cowork&rs
a variation of the dediazoniation mechanism acogrdd the solvent is very likely. We have
thus focused in the understanding of the mechaiistine case of the spontaneous grafting in
the main media used in the anchoring processesildeddn this work i.e. in aqueous solutions
(unless otherwise mentioned in the case of vertiqudar experiments). First, the conditions
required in order to observe an organic layer @ngbld substrates will be explored and then,
several mechanisms will be investigated in orddino the grafting mechanism fitting the best

our experimental results.

111.3.3 - Occurrence of the spontaneous grafting

In this part, the main parameters of the graftinghsas the nature of the diazonium salt and

the influence of its concentration on the grafting also various solvents will be investigated
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with a view to determine whether specific condiiare required to observe a spontaneously
grafted film.

111.3.3.1 - Diazonium salt

The spontaneous grafting on gold has mainly beparted in the literature in the case of
NBDT!" ®and more rarely MBDT and bromobenzenediazonium sélt§Ve decided to test
such a grafting with diazonium salts bearing growpth a large range of inductive and
mesomeric effects, such as nitro, carboxy, bromojriethyl and methoxy-benzene diazonium
salts. Since some of those groups do not haveaa tResignature, the grafted samples were
analysed by XPS. In all cases, a successful spemtangrafting was identified thanks to the
presence of a component around 406 eV (N1s) attxibto nitro groups in the case of NBDT,
of a COO component (at 288.6 eV C1s) in the caseadfoxy benzene diazonium salt, of a
bromine signature in the case of Br diazonium gs#lta sulphur signal in the case of SCH
compound and of a more intense area of C-O bontseirtase of the grafting of MBDT. The
N1s XPS spectra of the films obtained from all thezonium salts tested are represented in
Figure 31.

-NOy -NH2/-N=N- _Au-N

W/
iy e N‘/M/

10500

410 408 406 404 402 400 398 396 394
Binding Energy (eV)

Figure 31— XPS N 1s core level spectrum of spontaneousdfteyt layers on gold plates obtained by
immersion in a 0.046 M N9 COOH, Br, CHS, CH0-benzene diazonium salt solution for 60 min.

In all cases, a component attributed to —N=N- bowds identified (see I1.3.1.3 for
formation mechanisms). As previously observed & dhse of the grafting of NBDT on gold,
Au-N bonds were also detected when the Br- andSzHiazonium salts were used, which
suggests the presence of azo bonds at the filmratdsnterface. No Au-N bonds could be
observed in the spectra corresponding to the gratif carboxy or methoxy benzenediazonium
salts. It is however possible that both salts tethe formation of thicker or denser phenylene
films than the other studied ones. Indeed, an Asigval could be hidden by the much larger
N=N one, preventing its detection. Therefore, thentaneous grafting is a process that seems

to occur whatever the diazonium salt. However, tearceffect of the nature of the para
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