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Abbreviations, notations & acronyms

A

ACN Acetonitrile

AIBN Azobisisobutyronitrile

AFM Atomic force microscopy

ATRP Atom transfer radical polymerization
B

BE Binding energy

C

CE Counter electrode

CNT Carbone nanotube

CPS Counts per second

Ccv Cyclic voltammetry

CvD Chemical vapor deposition

D

DFT Density functional theory

DI Deionized

DMF N,N-dimethyl formamide

DNA Deoxyribonucleic acid

DP, Number-average degree of polymerization
DSC Differential scanning calorimetry

E

EPR Electron paramagnetic resonance
ESI-MS Electrospray ionization mass spectroscopy
eV Electronvolt

F

FCC Face-centred cubic

FET Field effect transistor

FWHM Full width at half maximum



Abbreviations, notations & acronyms

G

GC Glassy carbon

GCE Glassy carbon electrode

GC-MS Gas chromatography - mass spectroscopy
HEMA Hydroxyethyl methacrylate

HF Hydrofluoric acid

HFSC Hyperfine splitting constant

HOPG Highly ordered pyrolitic graphite

IR-ATR Infrared-attenuated total reflection

IRRAS Infrared reflection absorption spectroscopy
ITO Indium tin oxide

LCSI Chemistry of surfaces and interfaces laboyator
LFP Francis Perrin laboratory

MBDT 4-methoxybenzene diazonium tetrafluoroborate
MCT Mercury cadmium telluride

MNP 2-methyl-2-nitrosopropane

NBDP 4-nitrobenzene diazonium perchlorate

NBDT 4-nitrobenzene diazonium tetrafluoroborate
NEDA N-(1-naphtyl-4-diazo-4-nitrobenzene) ethylenediamin
NHE Normal hydrogen electrode

NMP Nitroxide-mediated polymerization

NMR Nuclear magnetic resonance

OCP Open-circuit potential
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Abbreviations, notations & acronyms

PAA Poly(acrylic acid)

PBMA Poly(butyl methacrylate)

PE Polyethylene

PHEMA Poly(hydroxyethyl methacrylate)

PNP Polynitrophenylene

PS Polystyrene

PTFE Poly(tetrafluoroethylene) or Teffon

Q

QCM Quartz crystal microbalance

R

RAFT Reversible addition-fragmentation polymeriaat
RMS Root mean square

ROMP Ring-opening metathesis polymerization

RT Room temperature

S

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 radicalypogrization
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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Abbreviations, notations & acronyms

T

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 spestopy

U

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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1. Diazonium salts

Full name Notation Structure Source
cl
3,4,5-trichlorobezene Homemade
diazonium - BFz. Ny cl (LCSI)
salt tetrafluoroborate
Cl
#bromobenzene diazonium arine—{ Yo Aldrich, 96 %
0
4-carboxybenzene i BF; 'N Homemade
diazonium tetrafluoroborate o oH (LCSI)
__4-methoxybenzene MBDT  BRIN, J Aldrich, 98 %
diazonium tetrafluoroborate
4-nitrobenzene diazonium . Homemade
Clo; N NO
perchlorate NBDP 4 < > 2 (LCSI)
dnitobenzene dazonium  ngpr s )wo,  Auich,o7 %
4-thiomethylbenzene i BE. N S/ Homemade
diazonium tetrafluoroborate a2 (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 %
o Aldrich,
Acetonitrile-¢; - CDs—~C=N 99.8 atom %
Ammonium acetate - Ci@OO0,NH," Aldrich, >99.9 %
Deionized water kO DI - Millipore, 55MQ
. . 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 Q/em
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® - 025nm, 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 KClI KCI Fluka
Tetraethylammonium TEAP /\N/\ clo; ACIOS

perchlorate
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8. Others
Full name Notation Structure Source
N7 d
. 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 H(EIr_nCeg:;l de
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
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Introduction

Products and materials coated with organic filneswdiquitous in everyday life. Indeed, the
surface functionalization of materials is a veryvpdul 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 teples (respectively creating a weak chemical
and a true chemical bonding between the organigooents and the substrate) or classified as
“grafting td (polymer chains are initiated in solution and ateavith functional groups
previously immobilized on the substrate) agddfting front (the polymerization is initiated on
the surface from initiators previously attached the substrate) processes. They include
spin-coating, grafting of self-assembled monolayd®AMs), cathodic electrografting,
surface-initiated polymerizations and surface ebécitiated 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 furadtzation 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 corthgr 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 genesistree principle of the chemical
anchoring process based on diazonium salts, taalafid characterize its main components i.e.

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

The following chapter is a study of the most basiaction i.e. the spontaneous grafting
(from solution only containing the diazonium salt}. 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 stoidfhe 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 sesdalution 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 raogexperimental 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 ¢onbine 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” givingyoweak 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 filfdge will in particular deal with the
chemical vapor deposition technique or the LangsBlodgett method which both give
physisorbed films. Based on stronger interacticgtsvben 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,ichfs, 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 pressuresliiidheating) 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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.........................
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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 amphiphyigtems (surfactants, lipids...). However,
nowadays the use of Langmuir-Blodgett techniqueigened to non-amphiphilic systems of
different types such as nanoparticles, polymersiological objects.

This principle of this technique is based on thgaarsation 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 nipulating PTFE moveable barriers. By
moving closer the two barriers, the film is compgegswhich 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 matdinas. 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 (agesgmted 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

B Aqueous phas Solid substrat
- queousp \m 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 aitrexcellent 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 solsent

.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 leadindpé 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 Sjaoreous formation of the 2D assembly
includes chemical bond formation of molecules whith 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: alkankthiB-SH) or sulfides (R-S-S-R and
R-S-R) on gold and silvéralkoxysilanes on oxidésand alkenes on silicdh

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.

SAM

Interface
gold-sulfur

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 rstohred (ii) the hydrolyzed silanol is adsorbed

via hydrogen bonds and can react with the surfdeed groups at the surface to form a
siloxane SiO-Si bond.

(i) =Si—X + H0 —— =Si—OH + HX
7 |
(i) =Si—OH + HO—Si % —_— Esl_(g)_g 7/
7, H i 7/
H—O—Si%
7
v 7,
7 7
LG OH + HO—Si[/ =——= s=sio-sil/ +HO
% Z

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

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

stable coatings are obtained with silanes on oxadeb alkenes on silicon. In contrast, noble
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metals with sulphur-containing molecules give wdmids that can be easily broken under
harsh conditions (high temperature, oxidative a@luctive 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 appeareialsie 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 environmérhose particular experimental
conditions constitute the main drawback of thiditegue. However, SiH surfaces have already
been successfully modified by a large range of i@xig reagents with a methylalkyl’, 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 hydrogensilembn surface (Scheme 6ii). The
so-formed radical at the surface can then reatt thi Grignard reagent or anothéer(8cheme
Biii).

0] RMgX + h™ — R" + MgX"

(i) =SiH + R’ — =Si" + RH (fast)

(ill) =Si* + RMgX + h™ — =SiR + MgX" (slow)
or =Si’ + R* — =SiR (slow)

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 carbmarbon fibers), the oxidative
electrografting of carboxylates leads to the foramatof an attached organic layer. The
mechanism of this process is based on the Kolliosa(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 carbocationdmdrafting reaction.

-e -CO -€
RCOO- < Rcoo'—kiR' +C0, « R"—> products

R-R
Scheme 7- The Kolbe reaction extracted from Pinson’s rewfe
[.1.4.3 - Alcohols
The oxidative electrografting of some alcohols (seterences 82-100 herein Pinson’s
review'®), for instance, 1-octanol, d-alkanediols, triethylene glycol, polyvinylalcohpln
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).

Electrochemical
oxidation

+ROH ———» O-R
H,SO, 0.1M

Scheme 8- The electrooxidative grafting of alcohols onbzar 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 clearfiif. The
efficiency of the electrografting is dependent be tedox potential of the amine, which means
primary amines give better results than secondarg tertiary ones. Concerning the
electrografting mechanism, recent investigafibhsive 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

-1e” - H*
RCH,NH,—> RCHZNHZ.+ —> RCH'NH, <« RCHNH ——» NHCHZR

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

The large variety of amines commercially availabted 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 asrboxylates 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 succinctlytraduce 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 moleculesa{infy alkyl bromides and iodides) and on
many substrates: glassy carbon, porous hydrogesditesh 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 corrosion)

No general mechanism has unfortunately been prdpdse that process, but a few
assumptions can be made (see the electrograftingwedor 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, osillim, 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 conditiofesnonium salts are powerful oxidant,
stronger than diazonium salts while phosphoniurnts 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 (R-@-R) are the molecules at the heart of this workirtheductive
electrografting will be more detailed. Since thestfireport in 1992 by Delamar, Hitmi, Pinson
and Savéant on carbon surfdcehe 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 orderedlyycographite (HOPG), graphene,

carbon fibres, carbon blacks, carbon nanotubep; €t

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

Pd),

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

- Organic surfaces (Tefloff),

- 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 clan substituents particularly para of

the aryldiazonium cation (see 11.3.1.1 for moreads}.

According to the experimental conditions (solvexuihstrate, 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 denaedtiseveral 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 growtitgss 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)

Tl oo

Scheme 10- Principle of the reductive electrografting ozibnium salts from Tessier's wdtk

The molecular reductive electrografting of diazonisalts 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 revigw
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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 dmazm 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 asliveess 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 pady 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 applicationgor 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 E t J I
. _ vaporation | -« ||
. o liquid flow = ° _JQ'D»L_’
o GE=NE—33 o i -
— . ; - s l

> i

Scheme 1|1— Principle of the spin-coating technique.
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This technique reproducibly leads to thin polym#mg$ on flat surfaces with controlled
thicknesses. The characteristics of the depositéd {particularly the thickness and
homogeneity) depend on parameters such as therotate, the temperature, the concentration
of the solution, its viscosity, the volatility dfi¢ 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 comparisoath@r coating techniques, spin-coating has a
major advantage since it can be performed on lsugaces (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 removeihdigig 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 ptktio 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. Tiodymer 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 coniolig taking into account the characteristics
of the solution (viscosity forces, surface tens®vaporation speed of the solvent) as well as the
withdrawing speed of the substrate from the safutithe faster the substrate is removed, the

thicker the polymer film.

Withdrawal
speed  Substrate

Meniscus

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 theustry 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.afAresult of the friction between the fluid
and the air, the fluid breaks into fragments arehttroplets 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

Nozzl} . o0 ¢

Scheme 13- Fluid atomization process in spray coating.

[.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 bood®lectrostatic interactions in the case of
polyelectrolytes. Easy to set up, this processldeen largely applied notably in the field of
light-emitting diode® and biomateriafs.

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 mosheown 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).

MHTOOEED

1. Polyanion
—_—

Substrate

POTHOHHD DD

2. Wash

L

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 dippimgeti the concentrations of the solutions,
the pH, the ionic strength and the temperature.ldyers 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 thmilombic interactions between the various
layers.

[.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 prosessstly.

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 vapors
Electrode l

o f e “ ®

vy

Substrate__, R R RS

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 aacthe 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 oSsilinking. 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 ratd/ with a view to their applications in

technological fields as in photovoltaic c&land 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 stghdlind 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 couplirigweo 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.

0 % @

Epa

—H
2@ _-W —’O‘Q’z”
H
Q‘Cx)*n *@ "‘"W_“' (Ix} [x} f:x‘ + 2

+

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 conductiwgace by cathodic electrografting from

anhydrous solutions of vinylic monomers such aglanitrile and acrylates.

It allows the deposition of very thin polymer filnftypically 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 sufroughout deposition to fuel the redox
processes, cathodic electrografting is an eleatriiated 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 seometicting substrates without any concern

over oxide formation.

This technique is based on an initiation of polyisaion 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 hef grafted films only depends on the
experimental conditions: concentration, solventgerature...
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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 polymersogduces truly grafted polymer films and is
a “grafting froni process as respectively demonstrated by Degtial”® (XPS observation of a
carbon-metal interface bond) and Vil 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 theiéaltion of composite surfacgslocally doped
semiconductof$, lubricatior®, heavy metal depollutidf and biological purpos&s Although
this process has significant advantages, it sufier® two main drawbacks which limit its
application particularly in industrial conditiorsirst, 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 stabilizee t carbanion formed during the

polymerization) and resisting to highly cathodidgydials.

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

To overcome the previously mentioned limitationghef cathodic electrografting of vinylic

monomers, several ways were investig%tecﬂ:irst, Deniau and coff. demonstrated the
possibility of adding some water to the reactivkitson. 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 & iain restriction on the wide use of this
electrografting method. In parallel, a third alive method was developed in our laboratory
consisting in applying cathodic potentials to a tomi® containing both a diazonium salt and a
vinylic monomer either in homogeneous or in emulsigueous conditions depending on the

solubility of the monomék.

This process, called SEEP for surface electrotedisemulsion polymerization, is a real
improvement of simple cathodic electrografting afiylic monomers. It has recently been
deeply investigated regarding the structure ofgredfted films as well as the electrografting
mechanis” % In a general way, vinylic polymer chains can baftgd on the cathode after a
few voltamperometric cycles (between the rest g@kmand -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).
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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 radicallpaéy 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: {@xehing onto the electrode surface to form an
essential polyphenylene layer g(afting froni process) and (ii) initiating the radical
polymerization of the vinylic monomers in solutioht. 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 reagliluring 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 (frafting 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 resggeith low reaction times and providing
various polymer films (whatever the solubility dktinitial 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 modifmatdf carbon
nanotubes carpéfswith a view to develop selective sensors and twe synthesis of

micrometric hydrophobic/hydrophilic patterned saefa (Scheme 19).
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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 bythligzarying 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 wadleslvwith 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.

\-_nh_ . ' ] 5'ﬁ. P - =
Scheme 26G- Optical micrographs of a) a patterned agarokargkb) the pattern transferred by SEEP on
the gold surface using the patterned gel contailiBiylA 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 cdflmanaged 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 tectrografting of the “co-polymer” film
(Scheme 21b and c).
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Scheme 21 a) Schematic of the electrografting reactiomiated by the AFM-SECM tip with ArjN:
aryl diazonium salt, A aryl radical, AA: acrylic acid monomer, PAA: palgrylic acid film; b) Phase
AFM image of the line pattern drawn with the AFM-GH 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 worR*.
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[.2.2 - Indirect methods

A wide range of polymer grafting can be perfornibbugh 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 salise indirect formation of polymer films on
substrates can be achieved by the grafting of paigrto surfaces by ayfafting td’ process or
by surface-initiated polymerization (SIP). Howevas 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 thistehaince, 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 anavorkers? presented the modification
of an iron surface by polystryrene (PS) via antebstatic bonding. On a substrate grafted with
carboxyphenyl groups, Mg ions and a solution containing a polymer (composéd
carboxylates groups and a double bond) were meclgndeposited inducing the formation of
an electrostatic bonding between the carboxylabeims 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 stigrgyafted to the iron surface (Scheme 22).
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Scheme 22- Structure of metal polymer composite presenteddenieret al®.
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Another indirect technique forgfafting td' surface modification by polymer films is click
chemistry. As stated by Chehimi and ¢6Jl“‘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 varifurgtional 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 \wgsthesized. The modified-PS was clicked to
the alkynylated SWNT (Huisgen 1,3-cycloadditionatgged by Cu(l)) leading to SWNT with
a high polystyrene grafting density, a full contoser 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 tidise, the
azide group (obtained from Br by nucleophilic attad 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).
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Scheme 24- Principle of the functionalization of gold suwréawith 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 faglical polymerizatioff!, 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 SIPatdew 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 antveachtdicals. 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 molesu 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-fragmentatomiymerization (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.
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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 coworker3® have recently shown SI-RAFT from surface-immoliiZRAFT
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-polykmide composité}® as well as protein

and cell-resistant coatings for biomedical devites
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In comparison with other controlled radical polymation techniques, RAFT
polymerization is extremely versatile. Howeverhds a main drawback: the chain transfer

agents are generally not commercially availablesymihesized 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 tyage 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 halogendifer 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.
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Scheme 28- lllustration of ATRP extracted froﬁf:r]:;::rnitiated Polymerization®f.

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 siliaier initiated from ATRP
initiators immobilized by the Langmuir-Blodgett tetque. 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 othéer®. Through surface-initiated polymerization of métagd glycidyl methacrylate

in aqueous medium on gold, the authors demonsti@titkear relationship between initiator
density and the growth rate of the polymer brusiméaf'’. By comparing SI-ATRP initiated
from SAM of thiols to cathodic electrografting, Bein 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 inlinafidn 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 conetiotr of bromine reactive sites on the
surface, they showed a gradual mushroom to brusfsitron 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.
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Scheme 29- Principle of the tandem diazonium salt electesatstry 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 &lISI-ATRP is well-adapted for the
preparation of polymer brushes and very versaiiees a 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 formatwdmon-grafted chains in solution. Finally,
ATRP initiators are in general commercially avaiéalor 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 safest in particular peroxide,
benzophenort&' and AIBN-typé®® as well as on a wide variety of surfaces: goldyaaic
polymers, silicon oxide (including glass)... Fostamce, 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
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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 sevearhlantages. 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 coatedrsygould be used on their own. However,
they are especially interesting for post-functitwation 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 willsdébe two-step methods based on the

modification of polydopamine functionalized subttsa

The first step of this process is based on a riceeported 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 speotas 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 contairtimgh alkylamine and
catechol functionalities which mimic the structwithe mussels’ foot protein. Although the
exact mechanism for dopamine self-polymerizatiorsti8 unknown, it is likely to involve
oxidation of the catechol to quinone, followed bglymerization in a manner reminiscent of
melanine formation (Scheme 31), which occurs thinopglymerization of structurally similar

compounds (reference 25 herein Lee’s Woyk
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Scheme 3% Multifunctional coating formation by oxidant-inded dopamine polymerization extracted
from Zhao's work®.

So far, this method has been demonstrated to bebfiior 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-functionalipetymers in the secondary step leading for
example to the formation of fouling-resistant soes® 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 wsethd 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 material$is recently developed technique is, to our
opinion, very promising since it overcomes the mnlamitations or drawbacks of the methods
previously presented such as weakly bonded coéisdor 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. Overcoming 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 graftfrany 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 processPSERis new procedute called
Graftfast™, is a radical polymerization process based onréuiction of diazonium salts
generating radicals able to initiate the polymediizain solution of vinylic monomers. The
nature of the films obtained ranges from poly(mathylates (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 tempesain 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 alhthevdiscussed 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 dopantifié.2.2.3) which can be followed by a
classical polymerizatidnHowever, unlike GraftfadY, the formation of polymer films on the
surface of materials using dopamine requires adi®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&itetionalize materials by polymer films,
Graftfast™ appears to be a powerful process since it wasesshdly applied to a large variety
of materials and, as demonstrated by previous wdrksenables to control the thickness of the
films, the surface properties of the substratesedkas the localization of the grafting.

[1.2.1 - 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)anitum, 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 GraftfaSY 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 (diffemmagnifications) 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 betweenintemsity of the IR band and the film
thickness. Therefore, they proved that by contigllthe 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 sondeistrial 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 netfar surface
modifications. Thus, it is easy to understand whig tchemically-initiated process attracts
considerable attention in many fields of applicasicuch as biomedical and biotechnologies,

polymer metallization, lubrication...

a) Glass b) Teflor® _«  110°

S

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

[1.2.2.3 - 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 simultarstp 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 obtaibhedging 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 futissrate. 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 soefa can be patterned by the Grafifast
process as illustrated in Figure 4. Therefore,qusimmon lift-off techniques in addition to the
Graftfast™ process, the localization of polymer grafting teen achieved which opens the
route towards applications requiring patternedases.

b) [~

Z[nm]

L
50 urn 0 5 10 15 20 25

HTuml

Figure 4 — The optical micrograph of a gold plate coatethwithiol mask with triangular patterns after
treatment by Graftfa8t in the presence of HEMA and removal of a mash@as 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-t;ad/ﬂmes schematically represented in dashed line

on aj.

1I.3 - Main components of the chemical anchoring procesa details

As illustrated by Scheme 32, carrying out a typiGahftfast 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, thdifbf 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 workerefore, this section will focus on a
general presentation of the main components ofttadtfast" procedure as well as a detailed
characterization of the selected compounds inwlisk. 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 heteclic compound in which a \Ngroup
is attach to a carbon atom. In 1858, Peter Griessodered aromatic diazonium compounds
(RN;"X)™. Conjugation with the aromatic cyckeelectrons makes aryl diazonium ions much
more stabl€" than their aliphatic counterparts which are paddigtexplosive 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$’. The diazonium moiety (N)
is reported to be the most electron-withdrawingssitient know’. Consequently, diazonium
salts take part in a large variety of reactféf$in particular nucleophilic additions on the
B-nitrogen of the diazonium, nucleophilic substibag® 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 tetafdborate (BEF is known to stabilize
diazonium saltS). A range of di-substituted or complex aromatiazdginium salts can also be
found. However, to synthesize and isolate aromdtazonium compounds (diazoniation
reaction), a number of distinct methods are knBwhhe more common one consists in the

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

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

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 alsenii@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 abmave 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 Eagwroduct 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 arhanisms is always possible.

To finish, for further understanding, it is importato be aware that an electron transfer
(homolytic dediazoniation) from a reducing agenéqRto an aryldiazonium salt may actually
follow two fundamental mechanisis®* 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-sphevhereas 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 dednéation.
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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 morealiston data acquisition), as the asymmetric
and symmetric stretching vibration band$o, andviyo, 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 anogsrocess 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 choicetie 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 diazorteirafluoroborate has a color varying

from light to very dark orange. This variation daslaur is likely to involve a change in the

purity of the compound. Therefore, a classicaleejmitation 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 vBhinzene diazonium tetrafluoroborate
(NBDT) before and after reprecipitation are founa be 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 Graftfagtxperiments, 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 centredi 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.

1.8
{ A=260nm |NBDTin H,O DI

161
1.4
1.2]
1.0-
0.8-
0.6-

Absorbance

0.4 A=313nm
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 a3 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 41
(L.mol™.cm™) (L.mol™.cm™)
H,0 DI 17700 + 60 -
HCl 17200 + 55 16400*
H,SO, 15900 + 50 -

Then, the decomposition of NBDT in those three awols, at room temperature, ambient
light and air was followed with time for 1 h, whiclrresponds to the usual reaction time of the
anchoring experiments (Figure 6). A decrease iMBBT 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 discuks®e 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 (baset?rc?r:e t(géttance 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 poténti@ys to explain the slight increasing

absorption around 400 nm.

1.8
A=260nm =0
1.61 —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 , A=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,
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Scheme 36- Decomposition of 4-nitrobenzene diazonium ineags 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 O.
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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 8Oy, 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 #he [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 1IV.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 huora
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 amountitwbphenol.

69



Chapter Il — Presentation of the chemical anchopirogess

Reduction potential

As the anchoring processes studied in this theagisbased on an electron transfer, it is
important to get information on the reduction ptigdnof 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 easeguction of the diazonium salt in non-acidic
media. Considering those results, we will consithett the NBDT reduction occurs between
0.25V and 0.3 V (vs Saturated Calomel ElectrodE)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 aekid 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 approxiomtiall reducing agents with a standard
oxidation potential lower than the reduction pamf 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 paggmopriated for the anchoring process
of diazonium salts include all solid compoundsilfiitiy 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,
hydroquinon&, ferrocene (in organic media)gP0,°*>>*and L-ascorbic actd have been used
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 @sfion of metal films from
solutionsy® °” The study of HPO, as a reducing agent was only based on the values @
the Pourbaix diagram (pH-potential) representedrigure 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.

1.2

| AY H,PO, | HPO; |[HPO 2
0.0 |= PO*

PO,

12 POz, N |

' 2 6 10 14
pH

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
|64, 65

or for the reduction of metal ions in solutid* particularly in the case of gdfd® or silve

nano-objects formation. In order to demonstrateattitity 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 wasacterized 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-ascorbiddiaend its derivates have been identified as
reported in Scheme 39. The first acidity of VC @wt,A 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

HO H,A HO.
A
o
° E°=0.4V o
HO' o - HO' + 2H*Y + 2¢e
HO OH o o
ﬂ pKa=4
) o
0.
E°=0.28V o
HO HA" —_ HO
- jﬁ e
o o] [e) o
HO' —
el OH B g
+ E°=0.7V e -
H* — / €
1LpKa=ll.27
[ Ee=0.05v
oo LN
" — - Il E°=-0.16V
-0 + o~ + €
HO.
H* E°=-0.05V
= © o + 2e

HO'

Scheme 39- Acid-base and oxidation-reduction reactions ivivg L-ascorbic acid and its derivatés”.
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 abbreviatiopAdand 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 taokthe understanding of the reaction of ascorbic
acid on diazonium salts.

0.5

EOA/HZA: 0‘4__ :
E AHA ~0. 3!
0.241

0.1

Potential E (V)

0.0/
o /'-I g
E°, o 017!

el 2,
-0.24 A

9 1011121314 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 ascorbicdaim 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 welblm 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 Higo 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 mf@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 10
_.-7801
1000 ot 60-
—_ /’/ < 401
S o L 2 20
P G 2t N € 04
@ " g Lol
5 -1000- 3 1
O ML -40
S -60-

-2000+ g0 | —NBDT
vl i = |
-3000 : . . . 0.0 o1 9% 0.3 b.a 0.5
-1.0 0.5 0.0 05 1.0 EeeVO) Potential (v) Eoree NEDT)

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 determifoecdiqueous solutions of various pH.
The definition of “onset potential” is a bit arlaity. However, it provides a first idea on the
possibility of occurrence of the redox reactionimn NBDT and VC. The curve,E.(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 &tlear 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 tdata, 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 représdine
theoretical evolution of the onset potential with. p

In addition to the arguments mentioned above, &scaucid 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, miniemulsiogs)a Airst work on the understanding of the
grafting mechanism, we only considered monomernshdelin water and in particular the study
was focused on the polymerization of hydroxyethgtmacrylate (HEMA, solubility = 1 mol:t
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 tmrel 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 themcggrafting on gold substrates. However,
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other substrates have also been considered whernreégand particularly in chapter VI
concerning the grafting on Tighanoparticles. As the main material of the stydiks gold
substrate used was characterized in details smgeoicesses 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 stadtes 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 iidistered 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@réo be less sensitive to surface
contamination in comparison with other metallic stdites 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 rrh58f gold were evaporated as represented

on Figure 15 under a residual pressure ofd4r, at room temperature.
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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 thedtion 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) onicay 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 nffi): the roughness values range from 4.5 nm (forutaions based on a
5x 5 und AFM image) to 5.1 nm (1 x 1 |[iFM image).

34.1 nm

2000 Mag € 5000KX - Signal &= inlens™ Agen 0
b=t pos sam ENT =200k, < Ddte:2 4 0

Figure 16— SEM (left) and 1 x 1 pm2 AFM (right) images ofgtine 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 experimesswell as in the homogeneity of the films.
Therefore, the contamination, the storage andantent 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 #@nprigold plate 8 days after evaporation in
order to estimate and characterize its surfaceacagingition. From the survey XPS spectrum
(Figure 17), we observe, in addition to the chamagtic 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 ¥7Jmainly composed of aliphatic and/or
aromatic carbons at 284.4 eV (91 %) and also of9ck. 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 confirlmgtR (Figure 18) since carbonyl groups
and C-H stretching absorptions were detected, oisply, at 1727 and 2926 ¢m Indeed,
those values are characteristic of fatty acids Wwhérce 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 adicen under ultra-high vacuum inside the
XPS can be performed. An area of 5 x 5rhthe 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 depositamdg(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 solveesidues, 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. Thisevetopped to 5° after UV-ozone treatment.
This result could be due to the oxidation of thentamination layer without evolution as

gaseous species creating more hydrophilic oxidipesties.

50

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 gdidtsates before and after a 10 min
UV-ozone exposure (Figure 22) however reveals atitmwes higher carbon contamination (with
an increase of oxidized carbons) and a three thigdser 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 aideled, 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 pogdld substrates fully free of

80



Chapter Il — Presentation of the chemical anchopirogess

contamination. However, we have estimated thab#st way to limit it consists in storing the
gold substrates in glass tubes in a nitrogen flow &énhd 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 PHEBNh gold substrates through the reduction
of 4-nitrobenzene diazonium salt in deionised wateeither 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 ®@h 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 HERM&# 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 othgrineresting advantages such as a control
on the thickness of the films, on the surface priigee 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 charactbriZéis anchoring process ranges from a
simple reaction involving only the diazonium satrmore complex ones requiring a reducing
agent as well as a vinylic monomer. Therefore, $inedy on the understanding of the
mechanism will start in the next chapter by theiesiscase 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 cherspEtdies 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 physisiwmp methods since it has been claimed to
form a covalent chemical bond between the substnadethe film. Therefore, numerous teams
have worked on demonstrating the covalent natutheinterface bond on the simple case of
polyphenylene graftirfig 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 maistrsib 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 diazoniumssalt semiconductors (silicbrd, GaA< and
more recently germaniubnor metal®’ such as copp®r palladiuni, aluminiunt?, titaniuni?,

nickel iron*> *

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 stiied 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 surfawse 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 ifgagsd in details in 111.3 as it could have a
significant influence on the redox-induced processtudied in chapters IV and V. The
spontaneous one-electron reduction of diazoniuis sals also demonstrated in the case of the
grafting on hydride-terminated porous and plandicagi 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 firsthythiced 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 bld€k
by reaction with diazonium salts and focused oniirestigation 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 graphitegéass$y carbon in pure water, Abimain
al.?" ?*suggested a heterolytic dediazoniation of theatiamm 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 estekdme. In contrast to this mechanism, from the
study conducted by Bidan and cGllon 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 NBDAsintroduced in solution. In addition,
NBDT appeared to be the only diazonium salt (amthiegdiazonium salts tested) permitting a

spontaneous grafting on glassy carbon, certairdpiee 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 bidagrheme 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-graphene with enhanced reactivity at its
edgé” *® as supported by theoretical calculatidn$he electrical characteristiéof graphene
devices treated with a diazonium salt and partibulghe field effect transistor (FET)

characteristics were also investigated with a view to potentiglaations.

Smg't-"’y' (2) (3)

NO, ZN—EZ3—No,
Bi-layer N :
_—

Slow

N BF,
2 [ @)

(U]
\ = &>—No,
Single and hi- ¥
—_—
(6) (7)

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 environmefitsut 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 transfdtiation step for the spontaneous
grafting reaction since it would lead to a multigigbstitution 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 calculatiSngowever, this proposition seems unlikely when
working in basic conditions since only diazoates ¢® present in solution at these pH.
Therefore, the most likely mechanism to date wieixplains the spontaneous grafting in neutral
or alkaline solutions was suggested to be basetherformation 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 Schdie

- 10 min
a] SWNT/SDS +R4<j>7N2+ BF, W R>
n

RT

I WL I o W

diazonium salt diazotate

=
R N=N _—
R@Nﬂ—%N=N@R

diazoanhydride

N
— R—©o - ‘o—NzN@—R (M

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 ipatedent on the diazonium salt used as
well as on the substrate employed and its physorahs (in the case of carbon). No general
mechanism of the spontaneous grafting could pgsdibl 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 substrate, the spontaneous grafting of

diazonium salts is often employed for the surfacelification 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 which polymeric chains are grafted. Thus, the
polyphenylene layer is assumed to be responsiblthécovalent 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 riiom 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 perfdriee 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 proofsrdsistance of the films to simple treatments,
such as cleanirfigr sonicatiol{' 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 seasfahese 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 mesetind 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 dibmld also occur through oxygenated

functions.
Very recently, McDermott and cdif.provided the first direct evidence for the exisenf a
Au-C covalent bond by surface-enhanced Raman soaftédSERS) 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 theregponding 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).
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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 H:PO, on various forms of carbons, no clear evidence afovalent grafting has been
showrt® 2 22 4344 The assumption of such a characteristic of thesfseems to only be based

on analogy with the results obtained for the etatiemical 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 aftermpnths at air exposure. The layers were also
observed to resist to severe rinsing procedlssch 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 bplgimg 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 polypteme 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 filrmdsposed of a strongly adherent
first layer, covalently linked to the substratetwain top a weakly bonded overlayer.

By comparing self-assembled monolayers (SAMs) ablshto polyphenylene layers
electrochemically grafted through the reductiordiaizonium salts on gold, Shewchekal>*
concluded that under certain conditions, electrotbally formed aryl films were more strongly
bonded to gold surfaces than the thiol analogueecknt study, using first principles density
functional theory (DFT) simulations, predicted agter value of binding energy for aryl

C-Au(111) than aryl S-Au(111) which is in agreemefith the experiments described above.

Other computational investigatiofisorought support to the evidence of bonds between a
metallic surface and aryl groups from the orgailim.fFor 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 apuglinked to the surface by a single carbon

atom (Scheme 43).

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

Using spectroscopy techniques, much stronger ewederf 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 conatian 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 éorimpon 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 electrmatally modified iron surfac&s 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 dhniginates 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 fitteéth 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 sighature was very weak.
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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 sallsding the spontaneous grafting
process are considered as covalent grafting metbbgelymer or polymer-like films in the
case of polyphenylene layers. In contrast to edebtemically 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 andi, = 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 fiventcibuting 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 suchlgeasianium fge= 2.01) and nickel
(xni = 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,./ni = -0.257 V) are low enough to reduce
most of the diazonium salts and (iii) methods anevin to remove the oxide from their
surfaces. In order to remain as close as possiliteetexperimental conditions employed in our
classical experiments, germanium wafer was the dibstrate 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 reztliby 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 follodieby thermal desorption in ultrahigh
vacuuni?, a wet chemistry methodology (hydrohalogenic atthing§® or electrochemical

pulses.

Hydrohalogenic acids etchings were identified asdvantageous 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
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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 wéa@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 characteisticidized 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. Howeuhis 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 ofGGeond 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 afteratiad-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
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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 fiim-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 observédu electroreduction of nickel oxide operates
under a controlled argon atmosphere and consistgeiforming a cyclic voltammetry in
anhydrous acetonitrile, with tetraethyl ammoniumcptrate (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 disconnediemn the power supply and
introduced rapidly in the ACN diazonium salt sauti(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 (higluwen).

Thanks to a rapid study of the grafting of the éhdegazonium 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§rethe
electroreduction of the nickel oxide starts at X/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 propolsgduriak
and coll®®. Since those two values are close, it is likelgtta compromise has to be found
between those two phenomena. Therefore, we testsitlea 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 -€tldnd —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 therefamé ib 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 graftiomm 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. Theesice 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 gnai from Ni-C bonds at 283.5 eV
could be detected after contact with diazoniurmssdlherefore, 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 thagrlathse (stripping at -2.2 V, followed by
treatment with MBDT). The corresponding N 1s XP$&edevel 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 assijto 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-®-OMe. The
probable origins of this grafting will be discusdadIl.3.1.3. In addition to the presence of a
new peak, the contribution of the second nitroggomain the following structure:

Ni-N=N-®-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 sig.
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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 bondstrmed 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 solutibtmwvever, 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 golhrot 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.
111.3 - 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.

111.3.1 - 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 N 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® °> "0 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 Ve=c aryl group
1525 v¥No2 nitro group
1350 ViNo2 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° afitigg as illustrated in Figure 29. However, a
value of 58 + 4° for a PNP layer was repoffedl. 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 typicalffiiNP

a) 99° b) 73°

. WS -

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 theigmaiif 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)1Bhe C 1s core level analysis (not presented

here) also confirms the presence of a PNP lay¢éhegold substrate.
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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&80in case of diazonium salt derivated
nitrobenzene layers and 460 a.u. in case of tl@ovdted 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 willyobhe 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 {°\xo2) 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 fri same evaporation batch of gold) and
+ 0.08 % if comparing measurements on films synteglsseparately (over two years). As a
result, we will only compare samples first obtairtadting the same gold evaporation then,
when possible, grafted in the same solutions oren@dhe same reactants. Moreover, in the
case of XPS measurements, comparisons of graftiigonly be undertaken for samples

analysed in a row.

Before going into further details in the study bé tspontaneous grafting on gold, we will
describe the assignments of the broad XPS pedieihlis 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 NIB[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 wbddry Allongue and coworkéfswho, at the
time, considered it as contamination. That intdagiren 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,nédmine, azo groups or combinations of
those groups, they clearly assigned the peak ard0@dceV 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 eelgcttrografting of NBDT reported the
presence of a XPS peak corresponding to ~diidups 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.
4@—71\102 + 2 4 2HY — B—~<@—No + Hy0

L4 L

—{(Opro+ 2+ 2w === []{(O)nwon
- _

—@N}IOH + 2 +2HY — —@NH, + Hy0

Scheme 44- Reduction of nitro groups into amino groupséidec media extracted from Delamar’s
work®

1/

RN

4
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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 wegrformed 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 thes 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 iné@ 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-assemblediatayers principally on silict &
Hence, as mentioned in electrochemical graftingisgiof 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 surfa¢®, 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 decreasipgrnu X-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 attaahed 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 aeoriori 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 fila. Since the presence of amino groups in
the films may come from an undesirable reactiorindguthe 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 performinghanalysis
of the PNP films. The characteristic bands of,Njfbups should be found between 3300 and
3500 cnt in the case ofy, and in the 1580-1650 Ch‘range forvenn. However, the former
band is hidden by the presence of a large sigtdbated to liquid water in the MCT detector
(condensation phenomenon at low temperature) amdatter band could be mistaken for the
ve=c absorption from the aromatic cycle. ConsequerRBAITR 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 ageateastudied. 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 calcigdd 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 identifisdsao 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 datdilsusmder 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 thetemce 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 phenolicfionalities on the carbon surface and the
diazonium cation as represented in Scheme 45kurlease, 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 medtranis involved in the case of graftings on

gold.

OOO )

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 aatitndeed, according to G&fli when a
diazonium salt acquires an electron it createsazetyl radical (Rb-N=N-), a rather labile
species, that can gives up dinitrogen to form ghradical (R®*). 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 cowdfkersxplain the presence of azo groups
inside the layer as well as the film-substraterfatee (whatever the substrate).

R R R
© e- © ©
—_— or + Ny ———»
e

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 aazedyl 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&b, for the formation of azo bonds
in those organic films derived from the growth mamwism of electrochemically grafted

polyphenylene layers.

= O — BHO
+2e —

S=Substrat

+ H*
— LA O
@N2

— @» (CgH n —CgHs

reduction

N=N—(CH,)m—C_H, N=N-CH,

-
AN —=
—

Scheme 47 Proposed mechanism for the formation of azo b@xtracted from the work of Doppelt
al.”".
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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 iseggnted in Scheme 48. The presence of
expected C=C bonds (IRv=1600 cn?) as well as nitro groups (IRv*\0=1525 cnit,
VviNo=1350 cnit; XPS: BE,~ 406.0 eV) has been detected. The XPS analysisalsas
revealed the existence of Migroups (BRn2~ 399.5 eV). Since amino groups are certainly due
to the reduction of nitro groups under X-ray irgthn 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~ 397.5 eV) 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 filmsgetd 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. As increase in the OCP of conductive
surfaces could indicate the accumulation of pasitiiarges on its surface, they assigned this
behavior to an electron transfer from the goldhe dliazonium 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 vinylimonomer 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 heterolyticyayhcould 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. Nevedbglthis mechanism involving cationic
species would not be consistent with the graftingasic solution observed by Podvorétaal '®
assumed to occur at pH 10 via the spontaneous tismdediazoniation 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 processesildeddén 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 ordding 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 condifare 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) attibto 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 bontisirtase of the grafting of MBDT. The
N1s XPS spectra of the films obtained from all tha@zonium 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 spontaneouslftegt layers on gold plates obtained by
immersion in a 0.046 M N9 COOH, Br, CHS, CH;0-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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substituent could be found: groups with theoreycaimilar electronic effects such as
thiomethyl and methoxy groups gave different reasiMoreover, in three cases (nitro, carboxy,
and thiomethyl-benzene diazonium salts), the oleskspontaneous grafting mechanism comes

with the formation of Au-N bonds.

In all those cases, we attempted to estimate ibknibiss of the grafted layers by using the
decrease of the Au 4f 7/2 XPS signal upon the pessef the film (as detailed in V.2.6.1).
However, the calculated thickness values were foigledhtical to those of a pristine gold
substrate (around 5 -6 nm) which is possibly liteble to the fact that the value of the
electron attenuation lengths employed in the foemwis determined for flat and perfectly clean

substrates which is far from being our case.

Since the nitro groups can be easily identifiedRyand XPS, the study on the spontaneous
grafting will be principally conducted with NBDT.oTgo further, we studied the influence of
the concentration of NBDT in the spontaneous grgftin gold in aqueous solution £Bi DI).
The results of the IR-ATR analysis of the filmseafthe rinsing procedure as a function of the
amount of NBDT in solution are presented in Tabl&te absorption band corresponding to the
symmetric stretching of aryl-NOgroup was chosen to compare the samples sinceygathe

three main characteristic bands of PNP films, ¢inis gives the highest intensities.

Table 5— Intensity of theyo, absorption band from the IR-ATR analysis of therggneous grafted
films obtained after 1h immersion of gold plate$dy© DI solutions of various concentrations of NBDT.

[NBDT] (M) n (mol) I vinoz (%)
4.6 10° 2.510° 0.23
2.3 107 1.3 10° 0.21

102 5.5 10° 0.219
4.6 10° 2.5 10° 0.24
10° 5.5 10° 0.22
10* 5.5 10° 0.25
10° 5.5 10’ 0.20
10° 5.5 10° 0.10
"""""" 0° 551 001
10° 5.5 10" -

These results show that similar amounts of grafied groups are observed when the
concentration of diazonium salt is higher thar® M0 The same value decreases with the
concentration below that threshold and is neglegfior a concentration of £aM. Lehret al!’
calculated a packing density of 12 x#amol.cni® for a close-packed layer of nitrophenyl
groups on a flat surface. In our experiments, thid glates had a surface area of 2.%,aamich

means that 3 x Tbmol of diazonium salt should be enough to obtaioompact layer of
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nitrophenyl groups on the surface of the subst@te.experiments however demonstrated that
working with at least 5.5 x 70mol of NBDT in solution, corresponding in this eas a NBDT
concentration in solution of oM, was required to obtain a detectable grafted.firherefore,
such a reaction on gold is likely to occur (almagtatever the concentration in diazonium salts
provided it is higher than 10 10’M. Moreover, it indicates that all the diazoniunitsa

solution did not contribute to the formation of fiim.

[11.3.3.2 - Solvents

Another important parameter of the spontaneoudiggaéystem lies in the solvent of the
reaction. We first tested the influence of the ptit{ HCl and HSQ,) of the solutions. The
results obtained are summarized in Table 6, byt #éne difficult to analyse since the observed
differences are quite low, and the IR intensitieobg to the range of variations that can be
attributed to the IR-ATR measurement itself (sde3.ll). However, by analogy with works
carried out in acidic media by Downafdand Pinsoff, such IR intensities are estimated to
correspond to thicknesses from 1.3 to 1.7 (x 0n®) Whatever the acid (HCI or,HQ,), the
main tendency, extracted from Table 6 and in coimparwith the IR absorption values
obtained in HO DI, is the lower the pH, the lower the amountgoéfted matter. Some
spontaneous grafting from NBDT is however obsemnatever the pH and the acid used to

control this pH.

Table 6— Intensity of theyo, absorption band from the IR-ATR analysis of thergpneous grafted
films obtained after 1h immersion of gold plate®i846 M NBDT HCI and k50, solutions of various
pH at room temperature.

Solvent pH Ivivoz2 (%) | Solvent pH | v’no2 (%)
0.3 007 | 0.30 0.12
1.10 006 | 1.32 0.13
HCl | H,S0,
1.96 017 | 1.88 0.19
3.05 017 | 2.68 0.20

To go further in the study of the reactive mediund @& conclude on the role of aqueous
solutions on the reaction, the spontaneous grafiregess was also tested in acetonitrile with
NBDT. The signal from the IR analysis of the samapjeafted in ACN was very weak: 0.07 %
for the symmetric stretching of N@roups. Although Lehet al’ found no evidence for such
reaction in ACN, the N1s XPS spectrum of our galdsirate after rinsing (Figure 32), proves
the grafting of a PNP layer in this solvent. Thealpaeentered at 400.0 eV is very large.
Therefore, its decomposition in two peaks attridui® NH, and N=N groups (see 111.3.1.1) is
justified. As for the spontaneous grafting of NBBITH,O DI, Au-N bonds are present in the

film and in very similar proportions to nitrogeroats involved in —N&- bonds (XPS area of
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Au-N ~ 339 a.u. and of —N&¥~ ~ 381 a.u.) indicating that almost all the azodsoare located at

the film-substrate interface.
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Figure 32— XPS N 1s core level spectrum of PNP layer spmtasly grafted on gold plates obtained by
immersion of the substrates in ACN with 0.005 M NBf2r 60 min.

In order to confirm the existence of a spontanegnagting of diazonium salts in organic
media and to widen the range of diazonium saltedeshe same reaction was carried out with
4-trifluoromethylbenzene diazonium (see appendiardts synthesis). Indeed this salt can only
be used in organic media because of its solulilityf, due to steric effects of the R para
position, is assumed to limit the growth of thedaySince the expected grafted film does not
present any good marker for IR-ATR measuremengsséimple was only characterized by XPS
(Figure 33). The two components at 292.6 eV (Chs) 887.9 eV (F1$§ can be attributed to
C-F bonds from the trifluoromethyl group. The nolimed XPS area of those two bands are in
accordance since A(Cls C#A(F1s C-F)/3= 150 a.u. The other peak in the F1s spectrum is
assumed to come from inorganic fluorides {BF** The N1s spectrum is also very rich. It
contains gold nitrides (398.1 eV), azo groups dodim the interface and the film (400.0 eV)
and an unknown peak at 401.6 eV. That latter compbrcould be assigned to unreacted
diazonium group¥ ** *! Once again, it is interesting to compare the YRSs. It seems that
there is more azo bonds inside the films than atitterface (A(N=N)wrace= A(AU-N) =40
a.u. and A(N=Npsige= (A(N=N)iotas - A(N=N)interracg/2 = 82 a.u.). Moreover, from the
comparison of XPS areas, it can be deduced thaindr80 % of the trifluoromethylphenyl
groups are linked by an azo bond to the substsatdaCce or organic moieties already grafted)
whereas the rest is directly attached to it. Tochafe, all these results indicate that a
poly(trifluoromethylphenylene) film was successjulirafted. The spontaneous grafting on gold
in ACN is therefore confirmed and the resultingnfil contain Au-N bonds, as grafted films
from NBDT.
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Figure 33— XPS C 1s, N 1s and F1s core level spectra aftapeously grafted layers on gold plates
obtained by immersion in a 0.046 MG~benzene diazonium salt solution for 60 min afiesing and
30 s US in acetonitrile.

I11.3.4 - Investigation of the mechanism of the spontaneousajting on gold

We showed above that spontaneous grafting cantbevad with various diazonium salts, in
aqueous or in organic media. We will now focus amdihg a mechanism fitting all our
experimental results. The first mechanism to besitmmed is simple and consists in a
mechanical anchorage of the diazonium salts onsthéace. Then, we will deal with more
common pathways such as cationic and radical mesian To finish, we will propose the

involvement of another type of mechanism.

[11.3.4.1 - A mechanical anchoring?
Due to the roughness of the substrate, the pasgitila mechanical anchoring of diazonium

salts where phenyl molecules are embedded on tfecsuwas our first assumption.

Quartz crystal microbalance (QCM) could have bemmngeresting tool to characterise the
spontaneous grafting on low roughness gold subs{galden quartz crystal resonators RMS
roughness of 1.6 nm). Indeed, the addition of mdxat the surface of the resonator induces a
change in resonance frequency of the crystal atigwdetermining the mass of grafted or
deposited film per unit area. However, the serigjtiof the microbalance in wat&ris around

180 pg.crif. Consequently, with a packing density of 12 X°i@ol.cm? i.e. 0.15 pg.cfh for a
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close-packed layer of nitrophenyl groups on a #atface, the spontaneously grafting is
certainly not detectable.

Therefore, we concentrated on the surface studyhef spontaneous grafting on gold
substrates with a lower roughness than glass/Cplates. Mica/Au substrates could not be
employed in this study since such gold layer isy¥eagile in aqueous solutions. Thus, only the
grafting on Si/Cr/Au substrates was investigatesi cAlculated from the 1 x 1 pm? AFM image
in Figure 34, Si/Cr/Au wafers have a RMS roughnes®.9 nm whereas glass/Cr/Au plates

displayed a roughness of 5.1 nm (as shown in IR3.4

- 0
Figure 34— 1 x 1 pm2 AFM image of pristine Si/Cr/Au substra

IR-ATR analysis showed that grafted Si/Cr/Au sangaatains less nitrophenyl groups than
glass/Cr/Au plates voz-sicrau=0.1 % and 1 yoz-gassicva= 0.25 %). XPS measurements
confirmed this tendency (Table 7). The XPS areaesponding to N&NH, groups is
approximately twice smaller in the case of Si/Cr/#amples but the corresponding film still
contains Au-N bonds as well as azo bridges. Howdvem IR and XPS, there is no evidence
of diazonium groups (—N). Hence, the grafting does not seem to come fromeahanical
anchoring of the diazonium salts on the surface differences observed between glass/Cr/Au
and Si/Cr/Au samples can be simply explained byghdr specific surface area for the higher
roughness samples, i.e. glass/Cr/Au, which involyegriation of reactivity of the surface.
Another mechanism is therefore likely to take parthe spontaneous grafting of diazonium

salts on gold.

Table 7— XPS areas of the nitrogen components of PNRd$amontaneously grafted on Si/Cr/Au and
glass/Cr/Au substrates obtained by immersion (116905 M NBDT HO DI.

Area of the N 1s components (a.u)

Si/Cr/Au glass/Cr/Au
Au-N 44 72
N=N 121 76
NO,+NH, 222 413
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[11.3.4.2 - A cationic mechanism?
The hypothesis of a cationic pathway in the spadas grafting of diazonium salts on gold
was tested by varying several parameters sucheasxiposure to light or dark, the acidification

of the media and the temperature.

The effect of light is gathered in Table 8 at rommperature as well as at 2°C. Carrying out
the reaction in the dark gives less grafted nitespgh groups than under light exposure, but a
grafted film was anyway obtained. Besides, photodbal decomposition of diazonium salts in
water was reported in the literature to lead td astions*. Therefore, we assumed that a
cationic mechanism plays a role in the spontanepafting on gold. The corresponding
grafting mechanism could be described as followfedt, due to the short lifetime of aryl
cations in water, only those formed near the satestwould attach to it and then, aryl cations
could contribute to the growth of the films by thaddition on aromatic rings already grafted on
the gold surface followed by the elimination of. H

Table 8- Intensity of the*\o, absorption band from the IR-ATR analysis of thergpneous grafted

films obtained after 1h immersion of gold plate®i646 M NBDT HBO DI solutions at light exposure or
in the dark at room temperature and 2°C.

RT 2°C
Light Dark Light Dark
I v¥no2 (%) 0.21 0.12 0.19 0.12

Such hypothesis of a cationic mechanism is confirnty the previously described
experiments on the influence of the pH on the grgffcf 111.3.3.2). From the results presented
in Table 6, we concluded that the lower the pH,ldss nitrophenyl groups are detected on the
surface. This is also in good agreement with thea dallected in the case of the spontaneous
formation of films in phosphate buffer solutionsafrious pH (Table 9). Indeed, diazonium
salts are claimed to be more stable in acidic Emiatsince it limits their decomposition into
aryl cationsvia a heterolytic pathway °® However, in HCI solution, Cktan act as a quencher
of phenyl cations which would thus explain the obaton of less nitrophenyl groups in the
films in comparison with films synthesized in$0,. Therefore, the involvement of a cationic

mechanism in the spontaneous grafting of diazorsalts on gold is likely.

Table 9— Intensity of theyo, absorption band from the IR-ATR analysis of therggneous grafted
films obtained after 1h immersion of gold platepiosphate buffer solutions of 0.046 M NBDT.

pH 2.1 3.7 7.2
| Vo (%) 0.15 0.2 0.43

The thermal decomposition of diazonium salts wa® akported to form aryl catiofis

Therefore, the influence of the temperature onrdaetion has been evaluated. It is clear from
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the results shown in Figure 35 that beyond 40°@, témperature favors the grafting of
diazonium salts. Such a reaction cannot be cor®idas a spontaneous reaction since the
grafting is thermally assisted. Below 40°C, thduehce of the temperature seems negligible,
although the experimented temperature range wagetmTherefore, the role of the thermal
decomposition of diazonium salts in aryl cationdificult to evaluate. However, the existence
of a threshold temperature delimitating two différé@ehaviours is not surprising since DSC
experiments in NBDT water solutions show an exattiepeak around 45°C corresponding to

the decomposition of the diazonium salt.
0.6- 7//

Domair_1_with a grafting }%v‘e’}/n‘/}?é/;:
guasi independent 0 ,::/{/f-é,/f/'/:zﬁr//

of the temperature

1 vSNO2 (%)
o
@

0O 10 20 30 40 50 60 70 80
Temperature ()
Figure 35— Intensity of theyo, absorption band from the IR-ATR analysis of thergpneous grafted
films obtained after 1h immersion of gold plate®i646 M NBDT HO DI solutions as a function of the
temperature.

To sum up, exposure to light as well as perhappeeature was demonstrated to take part in
the spontaneous grafting of diazonium salts on golevater through the formation of aryl
cations. To confirm the role of these parametershenspontaneous reaction in general, their
influence was also tested in ACN since aryl catibase also been reported in this solvent
Moreover, working in ACN allows reaching much lowsmperature than in water. By
combining precautions such as working in the dawk @ low temperature (-18°C), the grafting
of NBDT as well as its trifluoromethyl counterparas tested. Since experiments in the case of
both diazonium salts lead to similar conclusionsly ahe results obtained for the former
diazonium salt will be discussed. As shown in Fg36, the data summarized in the table
indicate that in both conditions (light exposureaim temperature or dark at -18°C) films can
be obtained but their composition is slightly diffet. Indeed, although both films contain azo
bonds mainly located at the interface as previowsgcribed (I11.3.1.4), there are more
nitrophenyl groups not linked through those bridgethe film formed under light exposure at
room temperature than in the film obtained in thekdat -18°C. Besides, even after taking all
the precautions possible to avoid the decomposdiatie diazonium salts into aryl cations, a
non-negligible grafting of NBDT is still observed gold at -18°C in the dark (corresponding to

4/5 of the total amount of nitrogen detected onfilne formed at room temperature under light
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exposure). Therefore, it seems that exposure I #igd to a lesser extent the temperature have
an only small influence on the grafting and ar@oesible for the presence of some nitrophenyl
groups (not linked via an azo bond) in the filmson€equently, we concluded that the
involvement of a cationic mechanism in the sportasegrafting of diazonium salts on gold is

only partial; another mechanism has to be consitlere

a) b)
18000+ Area of the N 1s components (a.u)
Dark Light
17500 -18°C RT
o Au-N 300 339
o N=N 303 381
4 NO,+NH+
f N total 1013 1226
16500

408 406 404 402 400 398 396 394
Binding Energy (eV)
Figure 36— XPS analyses a) N 1s core level spectra anteh)a the nitrogen components of PNP layer
spontaneously grafted on gold plates obtained lyarsion (1h) of the substrates in 0.005 M NBDT
ACN at -18°C and room temperature after rinsing 3@ US in acetonitrile.

[11.3.4.3 - A radical mechanism?
As a parallel with the mechanisms proposed in thgecof the spontaneous grafting of

diazonium salts on reductive metals, a radical meidm was considered to explain the

spontaneous gratfting on gold.

The most common technique to study organic freécadslis the electron paramagnetic
resonance (EPR). Particularly, short lifetime fradicals can be detected and identified by a
spin-trapping technique. It consists in the addiid nitroso or nitrone compounds which give
stable nitroxide radicals as a result of spin-tnagphe organic free radicals at stake. In our
case, 2-methyl-2-nitrosopropane MNP (Scheme 49) wsasl (see 1V.2.2.2 and appendix 4).
The EPR study of a NBDT solution containing an esoaf MNP spin-trap revealed no radicals.
Therefore, it tends to prove that no homolytic dedniation of the diazonium salt occurred.
However, this result has to be carefully consideredieed, as mentioned above in our
experiments, 3 x IDmol of diazonium salt would be enough to obtaitiase-packed layer of
nitrophenyl groups on our gold plates. The conediatn detection limit of the EPR in our
experimental conditions has been estimated at @ bl. Thus, it seems that the very low
concentration of aryl radicals needed to insure dgtafting of a packed monolayer of PNP
cannot be detected by EPR. Therefore, it is dilfitm conclude with this experiment on the

involvement of aryl radicals in the spontaneousdtigiga mechanism.
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Scheme 49- Structure of the 2-methyl-2-nitrosopropane spéamp-

An indirect way to demonstrate the presence of @gicals during the spontaneous reaction
consists in performing the grafting with an inhdbitof radical species in solution. Using
dioxygen as radical killer was discarded becausdrtfiuence of @ on the reaction was found
to be complex. Therefore, we focused on MNP fromERPR experiments as inhibitor. From the
IR-ATR data (Table 10), it seems that the grafiimgbsence or presence of MNP is different
since the intensity of the band associated to symcretretching of N@groups is weaker in the
latter case. This result could be explained byftimmation of a less dense or thinner organic
layer i.e. with less N©groups.

Table 10— Intensity of the IR-ATR®yo, absorption band of the spontaneous grafted filthsrimersion
of gold plates in 0.046 M NBDT 1@ DI) with or without MNP spin-trap, in a nitrogélow glove box.

NBDT NBDT + MNP
| Vivoa (%) 0.34 0.14

To go into further details, the substrates wereattiarized by XPSigure 37 shows clearly
that the amount of N@NH,+NH;" in the film is higher for the reaction performedtheut
MNP, which is in agreement with the IR-ATR resulis.addition, by studying carefully the
area of each nitrogen component present in the filenfound that the compositions of the two
samples are different. With MNP in solution, theme more Au-N bonds (i.e. azo bridges
between the surface and the film) but less azaéie film. Moreover, most of the nitrophenyl
groups are attached to the substrate (surfacaeadsyl grafted moieties) by an azo bond. This
suggests that, in contrast to what was observeddmples grafted in absence of MNP, almost
no nitrophenyl moieties have been directly graftadhe substrate in the case of the reaction in
presence of MNP. Therefore, according to the difiees observed, a partial involvement of a
radical mechanism in the spontaneous grafting afatiium salts on gold seems possible.
However, as a grafted film is still observed despiite presence of a spin-trap in the diazonium
salt solution, a radical mechanism alone canndy ftplain this spontaneous grafting. Before
looking for a complementary mechanism, the oridithe aryl radicals formation remains to be

investigated. Therefore, several hypotheses haae tensidered.
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a) N1is NO, NHz ' N=N NHp AUN b)
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Figure 37— XPS analyses a) N 1s core level spectra anteh)at the nitrogen components of PNP layer
spontaneously grafted on gold plates obtained byarsion (1h) of the substrates in 0.046 M NBD;DH
DI solutions in absence or presence of the MNP-8pip, in a nitrogen flow glove box.

First, the spontaneous formation of the aryl rddicauld come from a homolytic
dediazoniation. However, the spontaneous formatiothese radicals by this pathway is very
unlikely since it would lead to the formation of,'N Indeed, as outlined by G&fli the
formation of aryl radicals from diazonium salts uiggs an electron transfer. Second, the
formation of those radicals in solution could be da the reduction of the diazonium salts by
the chromium (ES..cr= 0.34 V) edges of the gold plates (cf 11.3.4.Zhe hypothesis was
however quickly eliminated because the containneérihe reaction only on the gold surface
has given similar results as those obtained withloese precautions. Hence, since no sensible
explanation could be given for the presence of iagicals in this reaction, we reconsidered our
experiment in presence of a spin-trap and attemytezhswer the following question: is the
MNP spin-trap really selective of aryl radicals?nSidering the availability of the lone pair of
its nitrogen atom, MNP may also react with arylimad present in solution as demonstrated
above. Thus, we concluded that the decrease wphényl moieties in the case of films grafted
in presence of MNP was probably due to the unwantedtion of the spin-trap with aryl
cations in solutions. Therefore, a radical mechmangoes not seem to take part into the

spontaneous grafting.

111.3.4.4 - Another type of mechanism?

None of the previously described mechanisms canplaely explain by itself the
spontaneous grafting of diazonium salts on golde Wain puzzling result is the presence of
Au-N bonds at the film-substrate interface. Howewer the one hand, the diazonium salt is
electron deficient and its resonance structureemtesa 2p vacant orbital on the terminal
nitrogen. On the other hand, gold is *aetectron rich metal. Thus, the 5d orbitals of gate
almost full and can possibly interact with othewlenergy vacant orbital such as the one of the
diazonium salt. Therefore, we assumed that diarorations could directly interact with the

gold surfacevia the diazonium group. Such a hypothesis is in agee¢ with experimental
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results. First, it explains the presence of Au-Nd®as well as azo groups at the interface.
Second, it is in accordance with the formation cémiaining” organic film whatever the
temperature, light exposure, the roughness of tild gurface, the medium, the presence of

guenchers and, in some extent, the concentratitmealiazonium salt.
[11.3.5 - Conclusion on the mechanism of the spontaneous gtizig

The spontaneous grafting of diazonium salts on,gekllting from the simple immersion of
gold substrates in a diazonium salt solution uradebient conditions (room temperature, light
exposure...), leads to very thin polyphenylene dilfihe growth of such film is assumed to
come from complementary mechanisms representecclhen 50 and seems to be limited to
only mono or bilayers. The first mechanism is k&b involve a direct reaction of diazonium
cations with the gold surface and forms Au-N#MR bindings. The absence of Au-N bond
XPS signatures in the case of the grafting of CO®@HeO-benzene diazonium salts can be
attributed to the formation of thicker films in @@ cases, preventing the detection of the
interface bonds. The other phenyl groups in thensp®ously grafted layer are assumed to
come from the interaction of aryl cations, from tlecomposition of the diazonium salt mainly
by light, with the surface or the other phenyl grealready bonded to the substrate. To finish,
since no aryl radical seems to be formed during thaction, azo groups inside the film are

attributed to a diazonium coupling on the previgugtachegara substituted phenyl moieties.

. NONO
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— @@—NOZ < > NO;

= -

+ N
4 oN=N NO, N NO,
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Photoelectron NO,
irradiation

— g

NO,
Scheme 56- Mechanism proposed for the spontaneous gradfinBDT on gold substrate.
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Summary

The spontaneous reaction of diazonium salts han hesed for the grafting on various
substrates such as metals reducing enough to réldeicselves the diazonium cations into aryl
radicals but also on semiconductors and on carbowliich the grafting mechanism proposed
varies from diazonium coupling reaction to adsomfiiecomposition pathways or homolytic
cleavage of diazonium anhydride according to thee tgf carbon used. It has been widely
employed since it consists in a simple immersiothefsubstrate in the diazonium salt solution.
As electrochemical processes, the spontaneousngyrast assumed to give covalently bonded
films. Resistances to solvents and to ultrasoraoatéire commonly accepted as indirect proofs
of the existence of a covalent bond. However, tlestmmelevant attempts to demonstrate a
metal-C interface bond were obtained by SERS oml goid by an XPS investigation of
spontaneously grafted films on copper. Similarly; experiments give evidence of such a bond
in spontaneously grafted films on nickel substraegcetonitrile. In the case of gold substrate,
the formation of a spontaneous film was unexpebtgdeported in the literature in parallel to
our observations. However, the detection of an Albe@d by XPS is technically very unlikely.
Propositions to explain the grafting mechanism old dnave been made. Nevertheless, none of
them was fitting with our experimental results simaywthe presence of a Au-N bond. After
testing the most probable mechanisms, we have wted! in favor of the involvement of
complementary mechanisms which are the direct imacdf diazonium cations with the gold
surface as well as a cationic mechanism leadirigedormation of aryl cations able to graft on
the substrate. However, it is important to underlthat such process leads to films with a
limited thickness. Therefore, in order to obtaiicklr polyphenylene films on any type of
substrates (including non-metals), the introductifna reducing agent in solution has been

investigated and the mechanism of the graftingssussed in the following chapter.
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Chapter IV — Redox-induced grafting of diazoniurtssa

As mentioned in 11.3.2.2, the reduction of diazanigalts, by a reducing agent in solution,
into aryl radicals is a well known reactiosnd has been used during the last ten years ay a w
to functionalize the surface of materfalsThis redox-induced grafting of diazonium saltsiis
anchoring method assumed to be based on an eldécarsier reaction. First, withsAO, as a
reducing agent, the common functionalization ofboar materials will be reviewed, the
influence of most experimental conditions includimgaction time on the grafting of
polyphenylene films on gold will be determined apoissible grafting mechanisms will be
discussed. Then, to understand better this meahamisother reducing agent, ascorbic acid,
will be studied to reduce the diazonium salts. Ksatio a dual surface-solution analysis and a
deep investigation of the composition of the reactolution, a precise mechanism constituting
a first step towards the understanding of more dexnmechanisms (i.e. in presence of a vinylic
monomer cf chapter V) will be proposed. To finigle will compare the graftings that can be
obtained with those two reducing agents as weltaspowder (redox compound at the origin
of the Graftfast” process) and discuss the parameters to considerdier to choose the

appropriate reducing agent for a given work.

IVV.1 - Hypophosphorous acid (HPO,)

HsPO, has been commonly used in the reduction of diagorsalts in solutiotf and more
recently with a view to functionalize carbon madési Therefore, after description of previous
work on that latter topic, we will investigate thme of hypophosphorous acid and particularly
the influence of experimental parameters on thdtigga of polyphenylene films on gold

substrates.
IV.1.1 - Grafting with H sPO; in the literature

Among the techniques of functionalization availdpblthe homogeneous reduction of
diazonium salts by ¥PO, appeared to be an easy route for the derivatisafi@ wide range of
carbon materials such as carbon powWdéy carbon particlés carbon black glassy carbdf,
graphité®** and lately carbon nanotut®¥ Indeed, this procedure allows avoiding
electrochemical methods as well as oxidative cayritand offers large possibilities in terms of

substituted aryl groups that can be grafted orcénbon surfaces.

On carbon electrodes and CNT, the chemical redudtjoHPO, and grafting of diazonium
salts with anthraquinonyl and nitro groups was Widevestigated. Indeed, carbon electrodes
are inexpensive compared to metallic ones (goktjmim) and are also relatively inert in most
solutions and when functionalized, their propertias be tailored providing distinct advantages
for catalysis, analysis and biological applicatidn$® For example, the modification of

electrode surfaces by quinones enhances the rabeygén reductioff. Concerning CNT, their
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functionalization by organic molecules or functibgeoups aims at improving the properties of
the tubes such as their solubility in particulardraeor their binding ability to other materials

and are contemplated to be used, for instanceglimeric nanocomposités

IV.1.2 - Our typical films

In the same way, we employed;RD, with a view to graft gold substrates with
polyphenylene films and we investigated the contpwsiof the resulting layers, their
homogeneity as well as the influence of the maimeerental parameters on the film in order

to conclude on the #O,-induced grafting mechanism.

As widely discussed in chapter lll, a spontanegaftigg was observed on gold samples by
simple immersion in a solution containing the didimm salt. Therefore, in order to evaluate the
influence of HPQO, on the grafting, we will compare this redox-inddcgrafting with the
corresponding spontaneous reaction. Figure 38 sluteesly that the redox-induced grafting
technique gives polynitrophenylene films of simileomposition than those spontaneously
grafted. Indeed, IR spectrum (Figure 38a) indicatbe presence of nitro groups
(v¥o02= 1525 crit andvSyo, = 1350 crit) as well as aryl groupsd-c = 1600 crit). Moreover,
XPS spectrum (Figure 38b) confirms the existencH©f in the film but also of amino groups
assumed to come from the degradation of the nitougs under exposure to photoelectron
irradiation during the XPS measurements as detanetll.3.1.2. As in the spontaneously
grafted films, azo groups inside the film (N=N behdut also at the film-substrate interface
(Au-N bonds) were detected in the samples syntledsiay redox activation. Another
component at 402.1 eV was also observed and a#dbin this situation, to protonated amino
groups (NH") as widely described in the literatti&. Indeed, such groups can be seen when
working in an acidic medium which is the case te®nee the introduction of 420, in solution
induces a drop in pH from 55 {8 DI) to 0.55 (pKaspoznzro2~ 2 according to the
pH-potential diagram in 111.3.2.2). To finish, aecdong to the comparison of the IR intensities of
NO, groups as well as the XPS areas of,@d related groups (NHind NH), the amount of
grafted nitrophenyl molecules is three to four tinfégher in the case of the;PD,-induced

grafted films than spontaneous-ones for the saangreg concentration.

In addition, contact angle measurements (Figurec88jirmed that more nitrophenyl groups
were grafted on the surface by the redox-inducedgss since a classical vaftié® (for a PNP
layer) of 59 + 4° was measured, which is very défe from the unusual value of 72 + 3° found
after the spontaneous grafting. Nevertheless, waataprecise whether thesPO,-induced
process gives denser or thicker films since a eglemeasurement of the thickness of the films
is still complicated for the reasons mentionedlii311. The change in the color of the solution

with reaction time (starting from a pale yellow anebching a dark brown) going with
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precipitation of some compounds also indicates actien process different from the

spontaneous grafting and will be discussed in RB/.2.

a) 1.000 b) NO;  NH,” N=N NH, Au-N
0.998- 12500 : | P :
0.996 Spontaneg
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Figure 38— Typical a) IR-ATR and b) XPS N 1s core leveldpe of a PNP layer grafted by redox
activation (HO DI, NBDT 0.046 M, HPG,, 60 min) compared to the corresponding spontargous
grafted film.

Figure 39— Static water contact angle of a) pristine, ljrépneously grafted and cyP,-induced
grafted with NBDT gold substrates.

IV.1.2.1 -Homogeneity of the films

The influence of experimental parameters on thétiggawas mainly studied by comparing
IR intensities of the symmetric stretching of Ngpoups on twelve different locations along the
same substrate, as represented on Figure 40. Wmtadly disregarded the two values
measured at the very top of the gold plates. Indsiede the substrate was not fully immersed
in the solution, it is not surprising that thesduea do not fit at all with the other values.
Therefore, an average intensity valu&d,) of 0.84 + 0.08 % was calculated. This variation is
certainly partially due to the variability of theTR measurements (cf 111.3.1) but mainly to the
homogeneity of the grafting which could be linkéat, instance, to the stirring of the solution,
to variations in the surface reactivity, to theipos of the sample in the beaker, etc. However,
it is interesting to notice that if we consider s@@ments performed at the same height on the
substrate the variation is smaller (0.01 % at treximum). Consequently, with a view to
minimize as much as possible the influence of tbmdygeneity in comparative studies, we

arbitrarily chose to carry out all the IR-ATR mee=uents on the middle of all our samples.
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026% —» X X *— 032%
076 % —» X X <— 0.78%
0.84% —» X X <— 0.84%
086% —» X X <— 087%
082% —* X X *+— 081%
090% —» X X <— 0.89%

Figure 40— Intensity of theyo, absorption band from the IR-ATR analysis of thePPfilims obtained
by the reduction, in water, of NBDT (0.046 M) withPO, along the gold substrate.

To go into further details, the homogeneity of fit@ was evaluated at a smaller scale by
using IRRAS (infrared reflection absorption spestapy, see appendix 1) mapping focused on
the more intense band of N@roups at 1350 ci(Figure 41). This particular technique should
naturally give intensity values different from IRFR and also suppress the uncertainty in
measurement due to the contact of the sample W&hATR crystal. As shown in Figure 41
(mapping on 6 mA), the averageyo, absorption intensity value is 0.16 + 0.02 %, which

indicates a 10 % systematic variation in the signal

0.17

0.16

o
5
(9%) uondiosge Y|

)
T T T T T T T T

0.14

Figure 41— IRRAS mapping (6 mfnof theviyo, band (1350 cif) from a typical PNP layer grafted by
redox activation in KO DI.

To sum up, in order to avoid variations due tolbenogeneity of the grafting, the IR-ATR
measurements were always performed in the middiefsubstrate. Moreover, since in the
case of the redox-induced grafting of diazoniuntssal10 % variation of the IR average value
were monitored on the same sample, only a highfareince is considered relevant to evaluate

the influence of an experimental parameter on théigg.

IV.1.2.2 -Rinsing procedure
To finish on the study of typical films grafted blye HPQO, redox-induced process, the
efficiency of the rinsing procedure was evaluatadeed, it is important to ensure the removal

of all physisorbed matter to check the chemisorptimcess. The rinsing procedure used in this
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work (described in 11.3.5) is composed of three nmsteps: a first wash in deionized water, a
second which alternates ethanol and acetone wasisa last one consisting in a 5 min
ultrasonic treatment in DMF. The IR-ATR spectrumadPNP layer synthesized in water by the
HsPO, redox activation of NBDT was recorded after ednking step (Figure 42). 93 % of the

pristine deposited matter was removed after theethinsing steps, with 90 % of the drop in the
vinoz intensity observed after the water rinsing. Thasgé decrease upon a mild rinsing
treatment is attributed without any doubt to thenogal of physisorbed or unreacted nitro
compounds on the surface on the sample. Therefoeeremaining molecules on the surface
after the full rinsing process can be considerecclammically grafted since they resist to
ultrasonication treatment. Moreover, these respitsve the importance of performing this

rinsing procedure on all the samples in order talide to compare them.
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Figure 42— IR-ATR spectra of a PNP layer grafted by redctivation (60 min, HO DI, NBDT
0.046 M, HPQO,) after rinsing with water, ethanol/acetone and DV

IV.1.3 - Variation of experimental parameters

The redox-induced process usingPi, as reducing agent is clearly more efficient tHaen t
spontaneous one for grafting nitrophenyl groupghensubstrate; we will now investigate the

influence of experimental conditions on that grajti

IV.1.3.1 -Substrates

First of all, we focused on the redox-induced gmngfton various substrates from metallic
(Au, Pt, Ni) to polymeric ones (polyethylene PE) domparison with the corresponding
spontaneous grafting. The results summarized iteTEbshow that the #O,-induced grafting
of diazonium salts is definitely influenced by thature of the substrate. Indeed,

(1) no spontaneous grafting was observed on palgreabstrates;

(2) whatever the substrate, more nitrophenyl growsse detected for redox-induced
grafting than for the spontaneous one. The redorfsimeous ratio was around 3 for gold and

platinum substrates and close to 6 for nickel. e tatter case, the IR intensity of the

137



Chapter IV — Redox-induced grafting of diazoniurttssa

spontaneous grafting is higher than for the othetais; certainly due to the redox properties of
nickel which is able to reduce the diazonium ga#if.

(3) the grafting on polyethylene disks with a PNl fwas successfully achieved which
opens a route towards the functionalization of lzisws.

To conclude on this study, we have proved th{®® has a real influence on the grafting
and particularly regarding polymeric samples siwitbout reducing agent no grafting at all can

be achieved in this kind of substrate.

Table 11— Intensity of the/yo, absorption band from the IR-ATR analysis of thePPims obtained
spontaneously or by the reduction, in water, of NBD.046 M) with HPO, on gold, platinum, nickel
and polyethylene substrates.

I VSNoz (%)

Spontaneous H;PO,-induced
Au 0.25 0.86
Pt 0.32 0.87
Ni 0.4 231
PE - 1.31

IV.1.3.2 -Solvent

Since the solvent was shown to have an influenctherspontaneous grafting on gold, we
studied the influence of the acidity of the reastdolution as well as the nature of the acid on
the redox-induced grafting in comparison to thens@eeous process. The results summarized in
Table 12 are average values of thig), absorption band intensity between samples perfidrme
at various times in this work (over a year). Ongmia, these values indicate that the
introduction of HPQO, in the solution has a significant influence on tirafting since more
nitrophenyl moieties are detected inRd,-induced processes than in spontaneously grafted
layers whatever the pH conditions. Table 12 shdws the HPO,-induced process inj @ DI
or H,SO, give similar results, while less nitrophenyl growgpe detected in the presence of HCI;
this could be explained by the existence of therfating reaction of the chloro ions with the
diazonium salt (see 11.3.1.3). However, in thigdatcase, the amount of such groups is still
seven times higher than in the corresponding spentas grafting. Therefore, it seems that the
redox grafting of diazonium salts induced byPE), gives more nitrophenyl groups grafted than

the spontaneous process and can be indifferentiiigdabut in pure water or acidic solutions.

Table 12— Intensity of the*\yo, absorption band from the IR-ATR analysis of thePPims obtained
spontaneously or by the reduction withP,, in HCI 0.5 M, in HSO, 0.25 M or in water, of NBDT
(0.046 M) on gold plates.

HCI (0.5 M) H,SO, (0.25 M) HO DI
Spontaneous 0.07 £0.03 0.12+0.03 0.23+0.03
I vSNoz (%) ]
H3POx-induced 0.49 £ 0.06 0.83 £0.07 0.86 +£0.08
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IV.1.3.3 - [Red]/[NBDT] ratio
According to experimental conditions used to gcatbon materials by a3;HO,-induced
process (cf IV.1.1), the relative amounts of theinm@eactants (NBDT and 4R0O,) were
reported to range from stoichiometri@tio to extremely large excess of the reducingnagup
to 9200 equivalents of RO, against NBDT> ** '§. Therefore, it is likely that the
[H3PO,)/[NBDT] ratio is a parameter to adjust in eachtpatar case. We thoroughly studied
this parameter and found an ‘ideal’ ratio givingaotimum grafting, which will be kept for the

rest of that work

The redox-induced process &,priori, based on the reduction of a diazonium salt by a
reducing agent in solution forming aryl radicaldeato graft on the surface of the substrate.
However, the grafting mechanism is still unclean istance, is the actual reductive compound
HsPO; or its first base PO, ? According to a few tearti% 2 the hypophosphite ionRO; is
considered to be able to reduce diazonium saklsa possible mechanism represented in
Scheme 51.

Initiation step:  ArN,* + H,PO,” — Ar* + N, + H,PO,*
Chain propagation: Ar* + H,PO, — ArH + H,PO,’
HgPOz' + AI'NQ-'- - Ar' + Nz + H2P02+
H,0
H2P02+ —_— HaPOS -+ H+

Scheme 5% Proposed mechanism for the reduction of arytahiagn salt by hypophosphorous acid
extracted from the review of Galli

IV.1.3.4 -Reaction time

Finally, the influence of the reaction time on g O,-induced grafting was investigated by
a solution analysis and surface measurements. Bt ofidhe works on the grafting of carbon
materials with this process (cf IV.1.1), a typicahction time of 30 min was used (except when
stoichiometric amounts of the reactants were engaldpr which an overnight reaction was
performed). However, that average reaction time was nomnaipéd in our conditions. Indeed,
according to Table 13, the maximum amount of gdafteatter is reached after 15 min.
Therefore, we tried to understand why the graftoigPNP films seems somewhat “self-
limited”.

Table 13— Intensity of the*\o, absorption band from the IR-ATR analysis of thePPims obtained by
the reduction, in HCI 0.5 M, of NBDT (0.046 M) wittPO, on gold versus reaction time.

Reaction Time (min) 5 10 15 20 25 30 45 60
I v*no2 (%0) 015 037 052 056 055 057 055 054

@ The details of this study as well as the valughef ideal’ ratio cannot be given here for indutri
property reasons.
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First, this phenomenon could be explained by a ¢em@@onsumption of the diazonium salt
after 15 min by its reduction or in interfering céans. In order to use non-diluted reactive
solutions, its concentration was not evaluatedctliyeby following the decrease in absorbance
of the UV absorption peak of the diazonium saR&®@ nm but by an indirect method consisting
in following the absorbance of the colored prodigectmed from the specific diazo coupling
reaction of NBDT with NEDA (appendix 4). Figure 4Bows that the NBDT concentration
decreases similarly during the redox-induced pmdasHO DI or HCI solution. However,
respectively 28 % and 40 % of the initial NBDT centration obviously remains in,& DI and
HCI solutions after 15 min of reaction thus dis@agdthe complete consumption of diazonium
salts as a reason for the observed limited graftMgreover, these values indicate that the
decrease in diazonium salt is faster in the reddxéed reaction than its spontaneous
degradation in water or HCI medium (see Il.3.11)erefore, it is likely that the reduction of

the diazonium salt still occurs 15 min after thiéiation of the reaction.
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1 n H20
0.04 ° e HCI
-
o ]
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Figure 43— Evolution of the NBDT concentration in solutidaring its reduction by §PO, in H,O DI or
HCI 0.5 M. The concentrations were determined ftdvhstudy of the diazo coupling reaction between
NBDT and NEDA (appendix 4).

In order to estimate the “activity” of the solutidaring the whole reaction time, gold plates
were introduced at different time of the reactiah dnly for five minutes. The results of the IR
measurements performed on the so-formed films i@septed in Figure 44. In both casegOH
DI or HCI solution, the maximum of nitrophenyl gpsu grafted is obtained for samples
introduced in the solution 10 min after the begignof the reaction. After that threshold time,
the grafting slightly decreases with the time dfaducing the sample in the reacting bath. This
also shows that, even after a reaction time of 80 the reduction of the diazonium salt by the
reducing agent still occurs and produces radica&cisg able to initiate the grafting. To
conclude, the limitation of the grafting observetien increasing steadily the reaction time
cannot be explained by the lack of “activity” oktkolution after 15 min since the solution can

be used to graft the substrates for at least 60 min
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NBDT/H3PO, Il HC| Il H,0

O AN 0 5O ¥ D DD
SER ANCHSAX IRy &£
Time (min)

Figure 44— Intensity of theyo, absorption band from the IR-ATR analysis of thePPfilims obtained
by the reduction, in HCI 0.5 M as well as in watedfrNBDT (0.046 M) with HPO, on gold substrate as a
function of the 5 min chosen to graft the samplerdtie 60 min reaction. The last value on the rajht
the graph indicates the intensity obtained in #eemf a substrate immersed in the same solutichdo
whole 60 min.

A first part of explanation of that “self-limitatij in the grafting was found by looking at
changes occurring in the reactive solution. Indeesinoticed that after ca. 30 min of reaction,
the samples were slightly covered with brown conmaisubefore rinsing, probably arising from
non-soluble products formed during the reactionjctvhprecipitated on the surface. Such
precipitation on the substrate is likely to blotk access for reactive species thus limiting the
grafting. However, the threshold times do not magtihce Table 13 gives 15 min as critical
reaction time for the self-limited grafting. Theved, the precipitation spotted on the surface
cannot be the only reason for the limitation of P films. Moreover, such result would mean
that if the substrate was free of precipitated emathe film could linearly grow with reaction
time.

To test this hypothesis, an experiment consistmgnimersing the substrates in a freshly
initiated redox-induced reaction for 15 min andthour times in a row (in order to reach a total
reaction time of 60 min), with water, ethanol aédtane rinsings in between each reaction, was
performed. After the four successive reactions;rtensity of thesyo, absorption band is very
similar (0.43 = 0.04 %) to the average value 0B@&4.06 % measured for films grafted in HCI
solution for 60 min (Table 12). Therefore, the liation on the grafting of nitrophenyl groups
cannot really be explained, in this case, by theipitation of non-soluble compounds on the
surface. It is likely that this behaviour can beplaeined by the properties of the film itself.
Indeed, the wettability of the layer influencingthenetration of the solvent in the film is a key
parameter in film growth. As previously determinedmaximum polynitrophenylene film is
formed after around a 15 min. However, no adequasing solvent of this film is known and
the wettability of this layer by water is certairgyite low. Thus this might prevent most of the

reactive species to attach on it during the reth@feaction and hence limits the grafting.
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IV.1.3.5 -Conclusion on the experimental conditions

To sum up, after an indispensable rinsing of thessates, the #PO.-induced graftings
were similar in terms of chemical composition togé obtained with the spontaneous method
but they were clearly more abundant. In order tmiobas much nitrophenyl groups grafted on
gold substrates as possible, it seems that:

- the reaction can be indifferently performed ygOHDI or in SO,

- An ‘ideal’ ratio of [HsPO,)/[NBDT] exists,

- a reaction time of 15 min is enough.
Depending on the applications, various other cambtsuch as, for instance, working in HCI
solutions or with reaction times of a few minutasy time during at least the first 60 min after

the initiation of the reaction) can still remairiigient enough to obtain a grafted PNP layer.
IV.1.4 - Mechanistic view

Even if adequate experimental grafting conditioas be found, the mechanism involved in
this grafting process is still unclear but is assdnto involve an electron transfer from the
reducing agent to the diazonium $alt’. According to the discussion in 1V.1.3.3, it ha=eh
suggested that RO, is responsible for this redox reaction leadinghe formation of aryl
radicals. As a parallel with the electrochemicaluetion of diazonium salts, aryl radicals are
potentially able to graft on substrates but alsoatready grafted aromatic rings to form a
polyphenylene film. Nevertheless, no real evideoicsuch a radical mechanism has ever been
produced. EPR is the best characterization togktaa confirmation of the presence of radicals
in solution particularly using the spin-trappinghaique, well adapted method in the case of
short lifetime radicals. The spin-trapping inveatign of free aryl radicals from aryldiazonium
salts has already been carried out using nitrosgpoand®’. However, this particular spin-trap
is only stable in non-acidic media. Therefore, idev to prove the involvement of aryl radicals
and so to understand the mechanism of the redaced grafting process, another reducing
agent (ascorbic acid) was chosen, allowing thetieato be performed at a pH suitable for the

spin-trapping agent.

IV.2 - Ascorbic acid (VC)

Already employed for its redox properties in Sangeneeactio’, ascorbic acid allowed us
to explore broader experimental conditions thanhlogphorous acid as its pH-range of use is
larger. Consequently, it is suitable for EPR measents with our chosen spin-trap. Prior to
investigate the composition of the reactive sohgiahich will lead to a better understanding of
the grafting mechanism, the VC-induced graftingpolyphenylene films will be characterized
thanks to surface analyses and the influence ofrarpntal parameters on the grafting will be
studied.
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IV.2.1 - Variation of experimental parameters followed by suface analyses

Since in the case of thes;POx-induced reaction it was established that the vali¢he
[H3PO,)/[NBDT] ratio has a substantial effect on the grag, variations of the [VC]/[NBDT]
ratio will be operated. Then, the influence of twain diazonium salts and then of various

metallic substrates on the synthesis will be ingastd.

IV.2.1.1 -[VC]/[NBDT] ratio

As for HsPO,-induced grafting, the [VC])/[NBDT] ratio was varieghile keeping [NBDT]
constant. First, regarding the pH, whatever thio réte addition of VC induces a drop of the
pH down to 4.1. This value corresponds to the pKahe first acid-base couple of VC
(HA/HA). Therefore, there is an equilibrium between thivee species in solution. Second,
for all the ratios tested, the pale yellow solutddNBDT diazonium salt turned instantaneously
into a lemon yellow mixture when VC was added. Tilgher [VC], the more intense the yellow
color of the solution. In the same time, less babl§ivhich arise from dinitrogen evolution from
the reduction of the diazonium salt by the redueiggnt) were observed when increasing [VC].
Therefore, it is likely that, for some ratios, V€acts in a non-redox way. This observation is
important and will orientate our further analysistioe grafting mechanism. By varying the
[VC]J/[NBDT] ratio, a tendency seems to come ouths# IR-ATR spectra (Figure 45). Indeed, it
appears that a slightly higher absorbance valadserved at 1525 and 1350 tiior the 1/10
ratio (i.e. ten times less ascorbic acid than NBINgvertheless, it is difficult to conclude on
any “best” PNP grafting conditions from those expents, for two main reasons. First, the
observed differences in IR absorption intensitysamglar to the sensitivity threshold of the IR-
ATR equipment and to the variability of the measweats (cf 111.3.1). Second, those absorption
values are also close to those observed for a apeots grafting of NBDT (0.23 +£ 0.08 % as
previously described in 111.3.3.1). This is confethby Figure 46 showing comparable grafting
of nitrophenyl (NQ + NH,) groups in the case of the spontaneous and induoegss using a
ratio 1/10. However, it is possible that, usingestaxperimental conditions i.e. by changing the

substrate or the diazonium salt, we will attesta influence of ascorbic acid on the grafting.
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Figure 45— IR-ATR spectra of PNP layers grafted on goldgddy VC-induced process {8l DI,
NBDT 0.046 M and different ratio [VIZ[NBDT] = 1, 1/5, 1/10).
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Figure 46— N 1s core level spectra of layers grafted byrg@obx activation of NBDT (kO DI, NBDT
0.046 M, VC 0.1 eq, 60 min) compared to the comesing spontaneously grafted films.

IV.2.1.2 -Maodifications according to the substrate or theatiaium salt

To carry on with the study of the effect of theadinium salts reduction by ascorbic acid on
the grafting, the reaction was performed on platinand nickel plates. A slightly higher
intensity of the main IR characteristic absorptii@nd of nitro groups was measured in the case
of the redox-induced grafting than for the spontarsereaction on platinum (Table 14).
However, surprisingly, the same comparison on riskews less nitrophenyl groups in the
films synthesized in presence of VC than withotits likely that reactions interfered strongly in
this case preventing any type of grafting of thekel surface. Therefore, it is obvious that the
VC-induced grafting is widely dependent of the drdie. Is it also influenced by the nature of

the diazonium salt?
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Table 14— Intensity of theyo, absorption band from the IR-ATR analysis of thePPiims obtained by
the reduction, in KD DI, of NBDT (0.046 M) with VC (0.1 eq) on platimuand nickel in comparison
with the corresponding spontaneous grafting.

I sz02 (%)

Spontaneous VC-induced
Pt 0.32 0.39
Ni 0.40 0.05

To answer this question, we tested the behaviowadfoxybenzene diazonium salts and
compared it with the corresponding spontaneoustiggafAs illustrated by Figure 47, it is
evident that a grafting of polyphenylene films veahieved with both processes. However, we
observed more carboxyl (COO) groups grafted ongblkel substrate when the reaction is
induced with VC. Therefore, in this case, theren@s doubt of an actual benefit of the

introduction of VC in the reaction.
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Figure 47— Typical a) C 1s and b) N 1s core level spedttayers grafted by VC redox activation of

respectively carboxybenzene and nitrobenzene diazosalts (HO DI, diazonium salt 0.046 M, VC
0.1 eq, 60 min) compared to the corresponding spaatusly grafted films.

To conclude on this study, it seems that in padiciwonditions (with COOHP-N,"),
ascorbic acid has a real influence on the graftihgreas with other parameters, results are not
so clear (NBDT on gold and platinum) or even vengxpected (NBDT on nickel). If in the
first case, it is likely that the grafting of polypnylene-like layers in presence of VC is actually
due to a combination of the spontaneous and thexradtivated process, in the others, it is
possible that the redox reaction interferes somehitkvthe spontaneous process which inhibits
the grafting. Consequently, in terms of graftingtba surface, ascorbic acid might not be the
best reducing agent to use upon these non-optimizgukrimental conditions. However,
considering the results obtained in presence ofliciimonomer (detailed in the next chapter)
and the fact that it is a perfectly suitable comqbtor a solution study, particularly by EPR, we

will still work in the rest of this chapter with@srbic acid as a reducing agent.
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IV.2.2 - Study of the reaction by solution analyses

With a view to get key information for the understang of the redox-induced grafting
mechanism, it is likely that the study of the reasecsolution will be helpful. Since, according to
the surface analysis of the grafting, the [VC]/[NBD(INBDT] constant) value plays an
important role in the grafting, most of the anafysell be performed by varying this ratio. First,
in order to determine the compounds formed in smiuta gas chromatography - mass
spectroscopy (GC-MS) study of the reactive solutidth time was undertaken. Then, we
focused on the demonstration of the presence ¢fradjcals in solution using EPR. To finish,
as results suggest the formation of an intermediatepound coming from the direct reaction of
ascorbic acid with the diazonium salt, we charazer it and showed to what extent its

presence fits our observations.

IvV.2.2.1 -GC-MS
By studying the reactive solution with a techniquembining the features of gas-liquid
chromatography and mass spectrometry (appendixelyre able to detect some of the products
present in solution and follow their evolution aduaction of the reaction time. A typical
GC-MS spectrum of a NBDT solution activated by \&Cgiven in Figure 48. We can clearly
identify the main products of decomposition of thigazonium salt in solution i.e.

4-fluoro,2-nitrobenzene, 4-nitrobenzene and 4-phemol (cf 11.3.1.3).

The three compounds with the longest retentiongjme., in decreasing order of retention
time, 4,4’-dinitroazobenzene, 4,4’-dinitrobipherghd one of its structural isomer, are also
definitely coming from reactions involving NBDT. Mever, if there is no doubt concerning the
assignment of the 4,4’-dinitroazobenzene, it ifidift to determine which structural isomer is
in solution. Indeed, in order to assign compourasnass spectra, a data base was used. It
shows the more likely products susceptible to ¢giveobtained mass spectrum. Nevertheless, in
this case, only the isomer represented on Figurésdéown from the data base and its
corresponding probability of fitting is only of 46. The mass peaks observed do indicate that a
structural isomer of the 4,4'-dinitrobiphenyl isepent but we did not manage to determine
precisely which one. Whatever the actual attributdd that derivative, both products clearly
result from the dimerization of aryl radicals, whigives a first proof of a potential reduction of
the diazonium salt into radicals. In the case @f filrmation of the azo compound, a diazo
coupling reaction between nitrobenzene and theodiam salt is probable. More surprisingly,
according to the mass analysis, it is likely tHa¢ two non-attributed peaks correspond to
benzoic acid and nitroaniline. It is assumed theizbic acid is formed in the column by
quenching of nitrobenzene with GQAs for nitroaniline, it could either be due tam&ning

traces from the synthesis of the diazonium salther degradation of azobenzene. The latter

146



Chapter IV — Redox-induced grafting of diazoniurtssa

explanation is certainly more probable since imgatrtvariations in the intensity of the

nitroaniline peak were observed according to expental conditions.
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Figure 48— Typical GC-MS spectrum obtained from gaHDI solution of NBDT (0.046 M) and VC

(0.1 eq).
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To go further, the reaction of NBDT in presenceastorbic acid was followed by GC-MS
with time and for three different [VC]/[NBDT] rat® In order to compare the results, we
normalized the intensity values according to a# tdentified compounds mentioned above
containing nitrobenzene moieties (Figure 49). Rifsall, no nitrobenzene dimer was detected
when a stoichiometric ratio was used meaning tinathese conditions, the presence of aryl
radicals is very unlikely. This is in good agreemewith the IR results showing, for
stoichiometric amounts of reactants, a very wegkadicharacteristic of a polynitrophenylene
layer which may therefore only be attributed to $pentaneous grafting of diazonium salts on
gold. In view of the two other cases, it seems thatmore ascorbic acid is added, the more
dimers are formed. However, this behaviour remtonise explained since these results do not

fit with the surface analyses showing that moreophenyl groups are grafted with the lower
ratios.
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Figure 49— Evolution with time of the GC-MS intensity (naatized according to all the identified
compounds containing nitrobenzene moieties) ofithen two molecules of interest
a) 4,4’-dinitrobiphenyl and b) one of its structiusomer.

To conclude, from the nature of the compounds tieteave have demonstrated the very
likely involvement of aryl radicals in the graftifgr some experimental conditions as well as
an obvious dependence of the reaction on the [WBJT] ratio. In order to confirm these

results, EPR using a spin-trap was performed.

IV.2.2.2 -Electron paramagnetic resonance (EPR)

The spin-trapping technique, widely applied in plbiemistry” % polymer chemistr,
biology and medicir® * is used for the detection and identification obr-lived free
radicals. It is based on the addition of, commoniytoso or nitrone compounds, which gives
rise to stable nitroxide radicals as a result @fi-$@pping. This technique can also be applied in
polymer research to study living anionic polymetia, alternating copolymerization or radical

polymerization (herein r&). Kunitakeet al®

examined the radical polymerization of several
monomers including methyl methacrylate initiated the thermal decomposition of, in
particular, azobis-isobutyronitrile (AIBN) with 2ethyl-2-nitrosopropane (MNP) as spin-trap.
Moreover, a few teams investigated the spin-trappinhydroxyl radicaf¥ or aryl radical® *
aiming at defining the role of such species in ¢jengamaging such as in DNA, ribonucleic

acid (RNA) and their components.

2-methyl-2-nitrosopropane (MNP) is a spin-trap wierest in this study because, as other
nitroso traps, the EPR spectrum hyperfine splittofgthe formed spin-adducts allows to
determine unambiguously the structure of the trdppadicat> ** ** As many nitroso
compounds, MNP is a dimer in the solid state. keorto act as spin-trap, its dissociation into
monomer is required. That step may lead to somerarpntal difficulties detailed in appendix
3%
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EPR spectra of solutions of NBDT, ascorbic acid 8P as spin-trap (cf 111.3.4.3) with
various [VC]/[NBDT] ratios were recorded every 1@hrfor 60 min. A typical EPR spectrum of
the MNP adduct (formed by the reaction of the gpp-with a radical in solution) is shown in
Figure 50. The simulation reveals that the spindatiis coupled to a nitrogen atom and two
pairs of equivalent hydrogen atoms (identified tzes ¢rtho- and meta-protons in the aromatic
ring). It is also possible to resolve an additiosglitting due to paramagnetic nuclei in the para-
position in the aromatic ring. Nitrogen and protyperfine splittings of the spin adducts are
diagnostic parameters for the identification of tin@pped-radicals. The hyperfine splitting
constants (HFSCs) of these spin-adducts are giveFable 15. They are in accordance with
MNP adducts of nitrophenyl radicals reported in kiteraturé®. Thus, for the first time, the
presence of aryl radicals in the redox-induced ggeds demonstrated. Moreover, those results
also confirm that the oxidation of VC does not Iéadhe formation of HA (no corresponding
spin-adduct detected) which excludes a diazonidtrraduction by a single electron pathway.
Therefore, at this stage, it seems that the onbgipte reactions are the reduction of diazonium
salts by ascorbic acid and/or ascorbate ion (firase) which in both cases involves a

two-electron pathway (see 11.3.2.2).
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Figure 50— Typical EPR spectrum of MNP adducts of nitrol aaglicals obtained in the case of NBDT
(2 mM) reduction by VC (0.1 mM) in the presenceMiP (excess) and recorded 2 minutes after the
addition of VC.

Table 15— Hyperfine coupling constants of nitro aryl rad&cMNP adducts.

Hyperfine Splitting ConstantémT)

aN a(others)

5
OZNON; 1.284 0.21 (2H); 0.097 (2H); 0.050,{0,)

In order to establish a connection between thetiggabf PNP layers on surfaces and the
quantity of radicals formed with time, various ostiof [VC]/[NBDT] were tested and the
reactions followed by EPR (Figure 51). It is im@mt to point out that the concentration

reported on Figure 51 is the concentration of ghie-adduct, a time-stable compound in the
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Chapter IV — Redox-induced grafting of diazoniurttssa

timescale of our experiments. Thus, each measurteroer@sponds to the sum of all the radicals
spin-trapped from the beginning of the experimdéiitthe kinetic curves in this figure can be
decomposed in three steps: an initial rapid inedds extrapolated curve at t=0 is clearly not
null), after 2 minutes the reaction proceeds abwey rate and finally, as it is obvious in the
case of the ratio of 1/10, a saturation of the #ogb¢ of the EPR signal is observed. We assume
that the nitrophenyl radical creation as the reactoes along is essential in the redox-induced

process and occurs thanks to a slow reaction rate.
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Figure 51— Evolution of nitrophenyl radical MNP adduct centration with time during the reaction of
MNP (excess), NBDT (1 mM) and VC in the followingtios [VC]/[NBDT] 1/10 @), 1/5 (¢), 1/2 (A),
3/4@#)and 1 V).

Another striking result from Figure 51 is that noNM adducts is detected with
[VCJ/INBDT]=1, which confirms the GC-MS results. Meover, for a ratio 3/4, unexpectedly
low amounts of trapped radicals are observed. Apstition between the spin-trapping reaction
and at least another reaction seems to occur. 8dvwgrotheses can be proposed to explain the
low amounts of MNP-adducts at the highest [VC]/[NBDatios tested:
- First, the spin-adducts may be reduced directlyekgess VC into the corresponding
EPR-silent hydroxylamines, as already observedlegzkaet af.

- Second, dimerization of the aryl radicals may occindeed, with the highest
[VC]J/[NBDT] ratios, excess aryl radicals are formedsolution and the dimerization
(an order 2 reaction with respect to NBDT) may eeg@redominant compared to the
spin-trapping reaction (order 1). However, accaydio the GC-MS experiments
previously described, this hypothesis is to be alided. Indeed, no dimers from the
reaction between two nitrophenyl radicals were fified for a [VC]/[NBDT] ratio of 1
whereas, after identical reaction time they wetteated for lower ratios.

- Third, ascorbic acid may react with the diazoniwait & a non-redox way and form an

adduct ** **by an inner-sphere electron transfer mechanisel(1.2). According to
the literature, this leads to the 3-O-arenediazmégc acid formation (represented in

Scheme 52). This compound belongs to the familydiezoether and displays an
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absorbance maximum &t,,=358 nm (yellow color). As mentioned in IV.2.1.1,
whatever the [VC])/[NBDT] ratio, a drastic changetle color of the reactive solution is
observed when adding ascorbic acid. The UV-visigbectrum of such a mixture
[VCJ/[NBDT] = 1 exhibits a maximum of absorbance3®4 nm which might speak for
the diazoether formation (further experiments diedain the next paragraph). Thus, it
seems likely that the reaction which competes with “direct” reduction of the

diazonium salt by ascorbic acid is the formatioma afiazoether adduct.

HO

HO

N—O OH
OZN®N/ (E)

Scheme 52- Chemical structure of the (E)-diazoether from tction between NBDT and VC. The
(2)-diazoether also exists but is not represengzd.h

By a rapid surface-solution comparison, we fourat,tin all cases, IR-ATR measurements
seem in accordance with those EPR results. Indaglradicals were formed (since they were
observed after spin-trapping) and a PNP layer wesemved on gold surfaces. However, we
could not find a monotonous relationship betweea tibserved radical concentration (as
estimated from the spin-trapping experiment) arddimount of nitrophenyl group of the final
PNP film. Indeed, the aryl radicals actually expeded many termination chemical routes,
including dimerization, in addition to their gradtj on the gold surface. It is thus quite difficult
to conclude on any "best” conditions leading to PN with the most nitrophenyl groups,
although we observed PNP grafted films with highemount of those groups for
[VC)/[NBDT]=1/10 than for higher ratios. When sthiometric amounts of NBDT and VC
were used, no aryl radicals were detected by EP&eds gold surfaces showed a very weak
IR-ATR absorption at 1600, 1525 and 1350’cmharacteristic of a PNP layer. Those signals
may be attributed to the spontaneous graftingadahium salts on gold, as already described in

chapter Il

IV.2.2.3 -UV-visible
In order to demonstrate the formation of a diazeethdduct in reactive solutions,
UV-visible experiments were performed. Indeed, antioned above, such species have a
characteristic absorption at 358 nm. From the BEERllts, it seems that the ratio [VC]/[NBDT]
has a strong influence on the presence of arytatsli Therefore, the absorption of the reactive
solution was followed with time for various rati¢Bigure 52). In the case of stoichiometric
amounts of NBDT and VC, it is obvious that the disipm salt §,,,,=258 nm) is “immediately”

converted into another compound absorbing at 354wnfmich is likely to correspond to the
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(E)-diazoether (as it will be detailed below). Mover, it is important to point out that the
intensity of this absorption band is stable ovem®0. For the 1/5 and 1/10 ratios, it is more
difficult to conclude since a large absorption bandreasing with reaction time, is observed in
the 270 -470 nm range. 4-nitrophenol certainly ticbates to the signal since its main
absorption peak is found at 318 nm. In additior, dfazoether probably takes part in the signal
but its contribution does not give a peak as irgeas in the case of ratio 1. Therefore, at
maximum, the proportion of the diazoether compoaignetjual to the quantity of VC in solution
which decreases for lower [VC])/[NBDT] ratios ([NBDTonstant). Indeed, the formation of the
diazoether is based on an order 1 reaction regakdihas well as NBDT and VC is the limiting
reactant. The absorption below 500 nm could be aéxetl by the presence of

4,4’-dinitroazobenzene and/or 4,4’-dinitrobiphepybducts in solution as observed in GC-MS

measurements.

To summarize, the presence of the diazoether fiwmaias definitely been demonstrated in
the case of a [VC]/[NBDT] ratio of 1 whereas foetbther ratios, these UV-visible experiments
did not permit to clearly conclude. Therefore, $wutions have been characterized using
electrospray ionization mass spectrometry (ESI-Mijich is a precise tool in the mass

determination of compounds (although it only allayusilitative studies).
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Figure 52— Evolution of the UV-visible absorption of NBDB{ pM) and VC ([VC])/[NBDT] ratios of
a) 1, b) 1/2, c¢) 1/5 and d) 1/10)® DI solutions with reaction time.
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IV.2.2.4 -Electrospray ionization mass spectroscopy

As experiments were performed in a negative ioioramode (cf appendix 1), the main
characteristic mass peak of the diazoether is ¢ggeto be found at 324 g/mol on the
electrospray ionization mass spectrum. This wadirtoed by injecting a diazoether (Figure
53a) synthesized in our laboratory from VC and NBidlowing the procedure proposed by
Doyle et al®® (cf appendix 2). The shape of this signal fitshvitie theoretical features predicted
for a G.H1gN3Og organic compound (Figure 53b). Therefore, in otdanonitor the diazoether
formation, we will first follow the 324 g/mol magseak for [VC]/[NBDT]= 1 and 1/10.
However, the mass spectrum of NBDT alone givesak pé& a mass (324 g/mol) identical to the
main one of the diazoether (Figure 53c) attributethe presence of 4-nitrobenzene diazonium
with two tetrafluoroborate counter-ions. Indeed #giepe of signal fits with the predicted
spectrum of a gH4N30,BoFs compound (Figure 53d). Thus, if some NBDT remdimghe
solution (which will certainly be the case when Wng with the 1/10 ratio), it will be
impossible to distinguish precisely the contribntiof NBDT from the one of the diazoether.
Therefore, experiments to test the presence obdther in the solution were carried out using
4-nitrobenzene diazonium perchlorate NBDP (seeragipe? for its synthesis). In this case, the
mass of the 4-nitrobenzene diazonium with two ceuitns is switched to 348 g/mol and can

easily be differentiated from the diazoether signal
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Figure 53— Electrospray ionization mass spectra, zoomelder820 - 329 g/mol range, of a) reference
diazoether, c) nitrobenzene diazonium ditetraflborate and their corresponding predicted features
respectively in b) and d).
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The mass spectrum obtained after adding VC in Istmigetric amount to a NBDP solution
IS shown in Figure 54. The structure of the idesdifcompounds is listed in Table 16. The
presence of the diazoether and corresponding aggédes as well as hydrogenated species
demonstrates clearly the formation of a diazoetdduct from the reaction between the

diazonium salt and ascorbic acid, which confirmes t-visible results.
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Figure 54— Electrospray ionization mass spectrum of a NBI® solution after addition of VC in
stoichiometric amount.

Table 16— Main compounds identified in the electrosprayization mass spectra of NBDP and VC

solutions.
Compound Mass Structure
@ 99 g/mol
@ 138 g/mol 4©7
@ 324 g/mol j\q
@ 348 g/mol @
, 2 CIOy
® 424 g/mol
@ ,cloy
@ 649 g/mol j\q " _

OH

:: :: N—o
O,N /
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The [VC]/[NBDP] ratio of 1/10 was also tested (Figu55). 4-nitrophenol is definitely
present in the solution (compound 2 in Table 1@&wklver, it cannot be determined whether it
comes from the reaction of NBDP with VC, sincesiaiready present in pure NBDP solutions.
As in the previously studied case, diazoether &nderivative agglomerates were identified in
the mass spectrum. Therefore, this result provitlesfirst proof of the formation of the
diazoether adduct even at low concentrations of MGwever, contrarily to those previous
results, evidences of the existence of remainiagadiium salt, not linked to ascorbic acid, were

found (compounds 4 in Table 16). This is not s@ipg since VC is the limiting reactant in this

case.
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Figure 55— Electrospray ionization mass spectrum of a NBL® solution after addition of VC
(IVC)/[NBDP] = 1/10).
We have demonstrated the presence of the diazcadiderct in reactive solutions (whatever
the [VC)/[NBDT] ratio). Let us now focus on its feation pathway and investigate if it can

play a role in the grafting mechanism of diazongatts on the surface of materials.

IV.2.2.5 -Formation of the diazoether and possible dediazama
pathway
The B-nitrogen of aryldiazonium salts forms the centfeits electrophilic charactér
Therefore, nucleophilic additions can occur. Acaogdto the nature of the atom of the
nucleophile that provides the lone pair of elecdtdd-, S, Se; N-, P- or C-coupling are
reported. The reaction of alkoxide or phenoxide ions (R@n diazonium salts leads to the
formation of diazoethers. The kinetic and mechamiaspects of thi©-coupling have been
widely studied particularly in the case of reacsiowith alcoholic solvents (methafidl
ethanot®*? butanof’). As represented in Scheme 53, this reaction ean the (Z)- and/or the
(E)-diazoether. In the case of diazohydtid®-$-N,-OH), it was found that the direct
rearrangement of the (Z)- to the (E)-isomer is nemesistent with the experimental data than a

recombination after a primary dissociation of tEg-ifomer into a diazonium ion. For other
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diazoethers such as diazomethylether, no directezsion of the (Z)- to the (E)-isomer has
been found. The transformation occurs by an iommatecombination mechanism. A
three-phase mechanism was proposed to explaintibeeweaction between the diazonium salt
and the solvent. First, the (Z)-diazoether is fatmextremely rapidly. Then, some of the
(2)-isomer decomposes to form dediazoniation prtsduUeinally, the rest is converted into the
(E)-diazoethéf. The (Z)-diazoether was therefore considered askthetically determining
product while the (E)-isomer was the thermodynamioduct. This mechanism is very
interesting since it shows that, in some cases,Qkioupling reaction can be an intermediate

step in dediazoniation by an inner-sphere pathwaigimeads to the formation of aryl radicals.

Ky
+ -
N, + RO - R N
2
Ky \ Y

RO

K2)-@)
N—/OR
N (B)

Scheme 53- O-coupling of alkoxide or phenoxide ions (ROn diazonium salts.

According to the literature @d-coupling reactions with alcoholic solvehfs* it seems that
the diazoether is almost completely “protected”iagfadediazoniation if present as (E)-isomer.
Therefore, only the (Z)-diazoether can undergo aastiiation. Nevertheless, this behaviour is
strongly depending on the solvent. The stabilityhaf (Z)-adduct is critically dependent on the
leaving group ability of ROand on the stability of the radical RQvhich is likely to be formed
by dissociation of the diazoether. A few mechanisbased on the decomposition of
(2)-diazoether were proposed to explain the foromatdf dediazoniation products such as
benzene. The dediazoniation by a homolytic path{@heme 54) was found more probable

than an anionic mechanism

R@\(Z) — R@' + N, +"OR
/

RO
Scheme 54- Dediazoniation pathway of the (Z)-diazoether.

The formation of diazoether by reaction of NBDTmatscorbic acitf ** “°was also reported
(for the first time by Doyleet al ). In contrast to diazoalkylether and in spite fué teducing
properties of VC, it seems that this (E)-diazoethestable and can be synthesized. Kinetics and
mechanistic investigatioffscorroborated the dediazoniation pathway descridealve in the

case ofO-coupling reactions of diazonium salts with alcobablvent. Therefore, it is likely
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that the ascorbic acid can carry out an inner-spleectron transfer with diazonium salts,

forming aryl radicals, through the decompositioritef (Z)-diazoether.

The UV-visible spectrum of the reference (E)-didhee displays an intense absorption band
around 354 nm corresponding to thhe-» 7* transition which is in accordance with the value
found in the literatur€. Therefore, since in the UV-visible experimentsviater (Figure 52) we
only observed one absorption band around this yalug likely that we only formed the (E)-
-diazoether. No sign for the (Z)-diazoether wasmthundeed, if both diazoethers were present,
two different absorption bands should be found.il@iy to what is observed for azobenzene, it
is likely that the (2)-isomer exhibits an absorptiband at lower wavelength than the (E)-
-isomer since, due to steric effects, thieystem of this compound is less conjugated, which
induces a higher gap value. Our lack of evideneeaHe transformation of the (Z)-diazoether
into the (E)-isomer might be explained by a rapishwersion rate as well as the pH of the
solution. Therefore, reactions with [VC])/[NBDT] ratof 1 and 1/10 were followed for 10 min

with a fast UV-visible spectrometer (one acquisitevery 30 s) in D and HSO, (pH = 2).

08 a) —— before adding VC Ratio 1 b) Ratio 1/10
8 260 nm Ho0 0.81 260 nm H,0

/ 344 - 348 nm

Absorbance
Absorbance

00 T T T T T T T T T T T T 7;7”7777'777 00 T T T T T T T /I
240 260 280 300 320 340 360 380 240 260 280 300 320 340 360 380
Wavelength (nm) Wavelength (nm)
C . d n
0.8- ) 260 nm Ratio 1 0.8- ) 260 nm Ratio 1/10
S 291nm HpS04 H2S04

Absorbance
Absorbance

0.0

0.0

240 260 280 300 320 340 360 380 240 260 280 300 320 340 360 380
Wavelength (nm) Wavelength (nm)

Figure 56 — Evolution over 10 min of the UV-visible absomatiof NBDT (50 uM) and VC a) and b) in
water and ¢) and d) in430, (pH = 2) for [VC]/[NBDT] ratios of respectively &nd 1/10. A spectrum
has been acquired every 30 s.

It is obvious that, for the ratio 1 (Figure 56a &fgure 56c¢), the pH has a great influence on
the reaction. Indeed, only one absorption bandaatral 346 nm is observed in water during the

whole 10 min of the study. In 80, the starting solution mainly absorbs around 291amu
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then its absorption shifts progressively toward® 88. The presence of an isosbestic point at
318 nm indicates a slow but entire conversion betwibe two colored compounds through an
equilibrium. This behaviour could correspond to tlast formation of the (Z)-diazoether
followed by its slow conversion into the (E)-isomEurther experiments (not presented here)
showed that this transformation lasts for 15 miriteAthe critical time, most of the first
compound is converted into the second one. In #se of the ratio 1/10, this phenomenon is
much more difficult to observe since only a smalitpf the diazonium salt is converted into
the diazoether. However, by comparing the evolutibthe absorption of the reactive solution
in water and K50, (Figure 56b and Figure 56d), it seems that inléteer case the signal is
flattened in the 290 nm region which could corregpto the presence of the small amount of
absorbing (Z)-diazoether. Hence, from these resiiltseems that decreasing the pH of the
solution slows down the conversion of the (Z)-dether into the (E)-isomer allowing us to
observe the phenomenon with classical absorptiestsgscopy. Even if it cannot be observed
by this technique, the (Z» (E) transformation certainly still occurs in®l DI but at a very
high speed (almost instantaneously). Indeed,.id, WC is mainly present as HAvhich is the
compound needed for tl@&coupling whereas, in acidic medium, it is inAHform. Therefore,
the slow formation of the diazoether in30, could be due to the persistence of an equilibrium
between HA and HA.

To conclude, it could be considered that aryl radidetected by EPR measurements come
from an intramolecular reaction between VC and NBDITowed by the dediazoniation of the
(2)-diazoether. Therefore, with view of the comgigxof the reaction, several hypotheses

concerning the mechanism of the VC-induced procasde made.
IV.2.3 - Proposed mechanisms for the VC-induced grafting

As previously discussed, we are aware that theltsegu terms of grafting obtained by
surface analyses for the VC-induced process hbas tmnsidered carefully. First, it is likely that
the phenomena occurring in solution do not directlyeal the grafting on surface. Only what
happens near the surface of the substrate is reldwaexplain the differences in terms of
grafting. Second, only tendencies were determifib@. spontaneous grafting of diazonium is
probably still an important part of the observedfting on surface even in presence of VC.
However, as it will be seen in the next chapterceoning the grafting in presence of a vinylic
monomer, VC plays a major role in the process. @foee, proposing a possible mechanism in
the “simple” case of the grafting of diazonium saltith VC is essential. According to EPR
results and as expected, it is likely that thetgrgfprocess is based on the formation of aryl
radicals that are able to graft on the surfaceubksates. Prior to focus on how aryl radicals

graft on materials, we will see how they can pdgdile formed during this process.
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IV.2.3.1 -Formation of aryl radicals
Relying on the literature, the several mechanisisisudsed below were proposed in order to
fit with the maximum of our experimental resultsdéed, it seems that aryl radicals can either

be obtained by an outer- or an inner-sphere elettamsfer mechanism.

An inner-sphere mechanism from the decompositiaiEpfliazoether

The simplest mechanism is to consider that ther@asouter-sphere electron transfer
mechanism but only the formation of the (E)-diabeetadduct between the ascorbate ion and

the diazonium salt (inner-sphefe)rhe mechanism is summarized in Scheme 55.

HO.

HO.
o
o o
. o HO
R N, + HO P —
"o OH

N—O OH
R4©7N/(E)
o}
< > HO
R "4 N+ -

. OH
Scheme 55- Inner-sphere :nechanism from the decompositiqiptliazoether.

In this case, as in 4@ we could not observe the presence of the (Z)edither, we assume
that the (E)-diazoether is directly formed by addifC in the diazonium salt solution. This is in
good agreement with the change in color of thetgwiunto a yellow mixture when adding VC
(absorption band around 350 nm observed in UV-gsipectra). The formation of aryl radicals
for [VC]/[NBDT] ratios of 1/10, 1/5, 1/2 and 3/4 Ivtherefore be due to the decomposition of
the (E)-diazoether. However, according to the ditiere, this reaction is not very likely.
Moreover, the consumption of the (E)-diazoethea ireaction would involve a decrease in the
absorption intensity of the UV-visible main peaktbfs compound with time. However, over
60 min, the absorption intensity around 354 nm seeitier stable or to increase according to
the ratio employed. To finish, it would not expldhe fact that, for a ratio 1, no aryl radicals
were observed since in this particular case it @wowmlean that the decomposition of the
(E)-diazoether cannot occur. In order to keep closdata given by the literature, we have

proposed another mechanism considering that thenggasition into aryl radicals is undergone
by the (Z)-diazoether.

A inner-sphere mechanism from the decompositioi@pfiazoether

In this mechanism, we assume that the (Z)-diazoathéormed (inner-sphere) from the

reaction of ascorbate ion and diazonium salt. Rgpitdis compound decomposes to give aryl
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radicals and transforms in the (E)-diazoethereasasented on Scheme 56. However, to fit with

what was described in the literature, no decomiposdf the (E)-diazoether is considered.

HO.

"o OH

HO. HO T

e OH (2) N—0 OH

Scheme 56- Inner-sphere mechanism from the decompositid@)efliazoether.

In this case, by extrapolating what was observet/i@.2.5 in acidic media, we consider
that the formation of the (Z)-diazoether is possibl HO although no direct evidence has been
found. The (Z)-diazoether would be instantaneoimigned and transformed in aryl radicals as
well as the (E)-diazoether. This phenomenon coalthlagreement with first, the rapid increase
in the radical concentration observed by EPR irfitlsetwo minutes of the reaction for most of
the ratios [VC]/[NBDT] tested and second, with theesence in UV-visible spectra of a
component absorbing in the 300 - 400 nm regionespanding to the (E)-isomer. The slow but
continuous formation of aryl radicals could be tlatnibuted to the fact that the (Z)-diazoether
formation is initially rapid but afterwards becom&ewer and slower with the diminution in
concentration of ascorbate ions. The transformatiothis compound into radicals as well as
into its isomer proceeds therefore during the whiekection time. This slow formation of the
(E)-diazoether can also partially explain the dlighcrease in absorption intensity in the
300 - 400 nm range with time. However, this wowdduire that some ascorbate ions remain in
solution for more than 60 min in order to form, action with the diazonium salt, more
(2)-adduct during this period. This possibility wasenfirmed by ESI-MS measurements
showing that ascorbic acid is still present eveterah reaction time of 40 min for a
[VCV/INBDT] ratio of 1/2 (results not presented).etertheless, when using a ratio of 1/10,
ESI-MS measurements did not allow detecting remagirascorbate ions. The absence of

radicals in the case of stoechiometric amountseattants could be attributed to very high
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transformation rate of the (2) into the (E)-diazeat compound that cannot decompose into
aryl radicals, due to the use of high concentratibascorbate ions. However, our experiments

do not permit to distinguish this mechanism from ¢time presented below.

A competition between an outer- and an inner-sphmehanism

Similarly to the previously proposed mechanism el 56), we assumed that the reaction
of VC on diazonium salt first forms the (Z)-diazoet adduct which can transform either into
aryl radicals or into the (E)-diazoether (unablederompose). On top of this reaction, we
believe that the direct reduction of the diazongait by VC can still occur also leading to the

formation of aryl radicals. This additional reactiis detailed in Scheme 57.

HO. HO HO.
o) o
o} o o o
+ HO HO' HO
2R N, + ___ — > 2R =+ 2N, + 2/1 H" +
HO OH o OH © °

Scheme 57 Outer-sphere electron transfer reaction enterinige mechanism based on competitive
reactions between an outer- and an inner-sphenevpgt

This mechanism would therefore fit with experiméndata the same way as for the
mechanism described above. The only differenceitiethe interpretation of the presence of
radicals with time. In this case, we believe tit initial jump in concentration of aryl radicals
and their slow formation with time is due to conifpet reactions. The first reaction would still
be the formation of the (Z)-diazoether from remagnascorbate ions and its decomposition.
The second would be based on a classical redotiordmetween the diazonium salt and VC.
Both reactions could lead to the slow formatioranfl radicals. However, the oxidation of VC
during this redox reaction should form an oxidipedduct. No evidence of the presence of this

compound was found in our experiments, but it {geexed to be formed in very low amount.

Conclusion on the formation mechanism of aryl ral$ic

To our opinion, the last two mechanisms are thet tilady to explain the formation of aryl
radicals in the redox-induced procesice they fit the more experimental results arelia
agreement with pathways already observed in tleeatiire for other systems. However, we
cannot reasonably decide between the exclusivelgriaphere electron transfer mechanism or
the mixed outer- and inner-sphere mechanisms swecdo not have clear evidence in favor of
one or the other. Now, we have proposed mechanisnthe formation of aryl radicals, it

remains to explain how those aryl radicals gratbanaterials and form an organic film.

® The term redox-induced will still be employed tosciébe the process in which the presence of
ascorbic acid is required in order to form arylicats. However, when an inner-sphere electron feans
mechanism is proposed, this name is not perfedéypted. Indeed, even if the diazonium salt is reduc
and ascorbic acid is oxidized, the reaction is tasean intramolecular pathway.
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IV.2.3.2 -Growth of the film

The mechanism for the formation of polyphenylehke-lilayers on substrates by the
redox-induced process is based on an analogy h&lptoposed mechanism in the case of the
construction of similar films by electrochemicatluetion of aryl diazonium salts.

The most complete mechanism and probably the ¢léselse VC-induced one on gold was
proposed by Combellast al*’ for the electrografting opara-substituted diazonium salts,
including NBDT, in organic media on glassy carb@cheme 58). It consists in, first, the
reduction of diazonium salt by electron transfethwthe electrode and formation of an aryl
radical. Then, this radical reacts with the surfateahe electrode. Another aryl radical can
attack the previously grafted aromatic ring whickates a cyclohexadienyle radical. To make
possible the growth of the film, this cyclohexadien radical should be oxidized by
transferring, for instance, an electron to a dianmncation and producing 'HThe attack of the
nitrophenyl radical is represented antho of the nitro group since some previous work from
Combellaset al *® *°on the influence of steric effects of the aromaitig on the growth of the
films showed that those aryl radicals mainly linkad thea-position of the N@ Overall, it
seems that the grafting of polyphenylene-like filf@lows a chain radical mechanism
equivalent to a “grafting from” pathway. To finisthjs mechanism was recently completed by

Doppelf®in order to explain the formation of azo bondshia films, as detailed in 111.3.1.3.

+ N,

e e Thick aryl layer
+H'

Scheme 58- Mechanism of the electrograftingdra-substituted diazonium salts, including NBDT, in
organic media on glassy carbon extracted from thek wf Combellas and coworkéfs

In our case (chemical reduction of diazonium sé#fg,formation of aryl radicals is discussed
in the previous paragraph and the growth of the fis likely to occur similarly to the

electrochemical mechanism i.e. in three steps:
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1. the attack of aryl radicals on the surface,

2. the attack of aryl radicals on already grafted aboirings,

3. the attack of diazonium cations on cyclohexadiengticals (formation of azo bridges).

However, at the same time, the spontaneous gragitiocess of diazonium salt can also take
place, explaining particularly the presence of Albbdhds at the interface film-substrate (see
[11.3.1). Therefore, it is likely that in the presei case of the grafting on NBDT on gold with VC,
the resulting film comes from the combination ofthprocesses: the spontaneous process and
the electron transfer from VC process. Indeed, ammot exclude that step 1 mentioned above
does not really occur, and that aryl radicals arly capable of grafting on already attached
aromatic rings (step 2) from the spontaneously &atifilm, but not directly on the gold surface.
Considering this hypothesis, no general mechanisrthe grafting on any type of materials can
really be established, since it depends on thehatiant way of the primer thin phenylene layer
on the surface. The mechanism for this essentédtigg could vary according to the substrate
employed. For instance, in the case of reducingisiethe reduction of the diazonium salt by
the substrate would lead to a rapid formation @f eadicals and their grafting of the surface.
Nevertheless, in other cases, aryl radicals mighbe involved which is the case for substrates
for which a spontaneous grafting is possible sichad. To finish, direct diazonium coupling
reactions with functions already present at thefaser of substrates can also lead to the
formation of a primer layer. The need for the prirpbenylene layer would explain why, in
some cases, pre-treatments of the substrate auére@y °> On gold, the mechanism can

therefore be roughly summarized as representedharSe 59.

Scheme 59- Mechanism proposed for the redox-induced grftihdiazonium salts on gold substrate.
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IVV.3 - Comparison of the reducing agents

To widen the study of the chemically-induced reaurcof diazonium salts, we will compare
the different graftings obtained according to teducing agent used as well as the solvent.
Then, we will draw a non-exhaustive list of workiognditions for which each reducing agent

is the most adapted.

IV.3.1 - In terms of grafting efficiency

The IR intensity values of the main characteridtignd of polynitrophenylene films
(v®no2 = 1350 crif) are summarized in Figure 57 according to the aeduagent (VC, EPO;
and iron powder: a potential candidate, not preseritere, to perform the reduction of
diazonium salts) but also as a function of the esatvemployed (acidic or neutral solutions). It is
important to precise that the values presented ¢@respond to the grafting of 4-nitrobenzene
diazonium salt tetrafluoroborate on gold substraietsined with non-optimized experimental
parameters (concentration, stirring, reaction tiljeSo, they are not to be considered as general
rules of grafting. These values only prove thahiamd HPO, are very efficient to promote the
formation of the film in comparison to the values the spontaneous grafting of diazonium
salts. The efficiency of VC is clearly lower. Hovegyits great influence on the reaction will be
largely demonstrated in the next chapter when glicirmonomer is added to the reaction

mixture.

Spontaneous

Fe - HyO

H3PO5 - HyO

H3PO5 - HoSOy

H3PO, - HCI

VC - HyO

ve-rc [l
0.0 0.2

0.4 0.6 0.8 1.0

| USNOZ (%)
Figure 57— IR intensity values of th€yo, = 1350 crit band according to the reducing agent (VC,

HsPO, and iron) and as a function of the solvent employe

IV.3.2 - In terms of conditions to be used

Whatever the application aimed, the use of basidiume is prohibited since the highest the
pH is the less stable the diazonium salt. The tliregction of diazonium salts with hydroxide
ions is indeed well known Each reducing agent is more adapted to some iegral
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conditions than others. Therefore, we will giveibadues on how to select the most suitable

reducing agent considering a precise application.

Indeed, iron cara priori work at any pH. However, quantities of this reatteannot be
precisely evaluated since the powder grains argapgroxidized. Moreover, it is a magnetic
compound which is unsuitable for mechanistic steidiy EPR. To finish, as it acts in
heterogeneous phase, remaining iron is likely tddomd in the grafted films, which can be
inappropriate particularly regarding biological &pgtions. Concerning #P0;, the reaction is
performed in homogenous phase. However, the stbstsalf should be safe at pH lower than
2. Besides, it cannot be used for EPR mechanistiestigations since the spin-traps employed
are not stable in acidic media. To finish, ascods@d combines interesting properties of the
two previously described reducing agents. AP®, it works in homogeneous phase and as
iron, at any pH. Moreover, the compound is well@dd to carry out EPR experiments and thus

for studies on the understanding of the graftingma@ism.

To conclude, no general rules can be establishely. liDes to direct the choice in reducing
agent can be given. Moreover, these consideratilansiot replace a deep investigation to
optimize the experimental conditions correspondimghe studied system: diazonium salt —

reducing agent — solvent — substrate.

Summary

The redox-induced grafting of diazonium salts hasrbmainly used in the literature with
HsPO, as a reducing agent for the modification of carbased substrates. However, the
mechanism of this grafting is still mainly unknowln.is likely that HPO, is the compound
responsible for the reduction of diazonium saltisiclv explains why large excess ofRD, are
generally used. This process has important potiigtiasince theoretically it would lead to the
grafting of covalently bonded polyphenylene-likém8 on any type of materials (not only
conducting or reducing substrates). In order testigate this redox-induced grafting, the use of
ascorbic acid as reducing agent has appeared ies$erte able to perform EPR and detect the
presence of expected aryl radicals. Therefore, eéivéhe results in this particular case on
surfaces could not bring precise elements in theerstanding of the mechanism, the study of
the reactive solutions has demonstrated the existeharyl radicals and has revealed potential
mechanisms for their formation. However, the medmnin the case of VC seems more
complex than when 20, or iron are used as reducing agent for which gkeinand direct
redox reaction is very likely. Indeed, the exiseenof an inner-sphere electron transfer
mechanism has been proved which is responsiblinéopresence of an intermediate diazoether
adduct in solution. From this, two very probablech@nisms have been proposed: the first one

exclusively based on an inner-sphere electron feameechanism and the second relying on
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mixed outer- and inner-sphere mechanisms. Nevesbekexperimental results did not allow
choosing between them. By analogy with electrochahgrafting of polyphenylene-like layers,
a grafting mechanism of those aryl radicals has Ipeesented.

It is important to underline that the process dbscrin this chapter is already very powerful
to provide many grafted primer layers on almost &md of surfaces, suitable for further
functionalization through reactions with the arybgps or their para-substituents. However, the
latter are limited by the necessary synthesis @ttirresponding diazonium salts which stability
is not very high. Hence, the polyphenylene grafikds obtained through the redox-induced
grafting of diazonium salts cannot be an ubiquitesisition for the functionalization of surfaces
Thus, the grafting of polymer films by use of a ywia monomer (Graftfast! process),
described in the next chapter, could widen therésteof the process. The study described in the
present chapter has therefore constituted an iegiate mechanistic work with a view to

understand the grafting mechanism of Grafftast
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Chapter V — GraftfasY process

The Graftfast" process, recently developed in our laboratory,saanfunctionalising any
type of materials with polymers. In comparison te tredox-induced process previously
presented, it widens the possibilities to tailos #urface properties of materials by increasing
the range of functionalities that can be broughth®substrates. The GraftfRSprocess is not
restricted to commercial diazonium salts or arocatimary amines but can be suitable for any
vinylic monomer or monomers polymerising throughadical mechanism. Indeed, also based
on a redox-induced reaction, it is likely thatritechanism also relies on the presence of radicals
in solution. However, the mechanism of this GratffAprocess has not been deeply studied and
no experimental evidence of the radical mechanisginally proposed by Mévelleet af* had
been obtained before the present work. Therefaeeptirpose of this chapter is to determine a
very likely mechanism based on experimental regaltshe grafting of PHEMA on gold. First
of all, vinylic polymerization methods using diaaom salts will be examined. Then, the films
will be characterized in terms of composition, stane, morphology, homogeneity and
thickness. We will vary experimental parametershsas the ratios of the concentrations in
reactants, the reaction time and the acidificatibthe solution in order to explore a wide range
of grafting conditions. To finish, by combining face with solution analyses, we will propose
an explanation for the mechanism leading to then&tion of polymer films on materials by the
Graftfast™ process using ascorbic acid (VC) as reducing agedt we will deal with the

possible modifications in mechanism according ®réducing agent considered.

V.1 - Vinylic polymerisation utilising a diazonium salt

The first use of diazonium salts in vinylic polyrigation was described in 1967 by Warson
The author showed that the diazonium salt-hypopharsus acid system is capable of acting as
an initiator of the polymerisation of acrylonitriie solution. The diazonium salt was present at
2 % of the molar concentration of acrylonitrile ¥ha 5-fold excess of hypophosphorous acid
as compared with the diazonium salt was used. Bhenerisation of acrylonitrile in solution,
accelerated by adding copper sulphate, was testirdvarious diazonium salts. The use of
nucleophilic substituents on the benzene ring wasd to reduce the efficiency of the
polymerisation. An IR analysis and viscosity meaements revealed the presence of
phosphorus in the resulting polymers. Thereforepating to those results, the author deduced
that the hypophosphite radical A#0,*) was the initiator of polymerization. The reaction
suggested to be responsible for the presence@Of in solution was likely to involve the
diazonium salt and particularly aryl radicals; litstformation remaineds unclear and several

mechanisms were proposed (as represented in S&®me
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ArN=NCI - Are+ N, + Cle or ArN,HL,PO, - Are + N, + H,PO,0
A/Ol’\A .
Are + HyPO, — ArH + (H,POp)e ¢01- + (F,PO,)~ - ClI- + (H,PO,)

CH,—CHCN + (H,PO,)s — H,PO,CH,CHCN
H,PO,CH,CHCN + CH,=CHCN - H,PO,CH,CHCNCH,CHCN

Scheme 66- Proposed mechanisms for the initiation of aarigtde polymerization by hypophosphite
radical extracted for Warson’s wérkThis form would be due to the presence ofiChcidic solutions.

Two techniques using diazonium salts in order tftgpolymer chains on substrates were
also reported: the SEEP process (electrochemidgimgoization of vinylic monomer using
diazonium salts) and an SI-ATRP process. Theymutlbe described in details here since they
have already been presented, respectively, in.82afd 1.2.2.2. Both methods are based on a
first step consisting in the electrografting ofatiaium salt as a primer-layer. Contrary to SEEP,
SI-ATRP leads to the grafting of controlled polyned@ins but it is a two-step process in which
the formation of a polyphenylene-like film with @dequate function allows the subsequent
ATRP step. Due to the first electrochemical stemthbprocesses are limited to conducting
materials. The GraftfaSt process overcomes these limitations since it isethaon the
redox-induced grafting of diazonium salts (desatibethe previous chapter) in presence of a
vinylic monomer and thus can be theoretically sa@gor any type of materials. Contrarily to
the mechanism proposed by Warson described ablleellecet al! suggested a mechanism
similar to the one deeply investigated of the SBERes3which could be split in four steps:

(1) The chemical reduction of the diazonium salt legdim the formation of the

corresponding aryl radicals;

(2) The grafting of aryl radicals forming a polyphemgdike layer in parallel with the
initiation by those radicals of the radical polyimation of the vinylic monomer in
solution;

(3) The interaction of the growing radical polymer c¢tsaivith the PNP primer-layer to give
a grafted “copolymer” film;

(4) The growth of the polymer film induced by the swssiee grafting of the growing
radical chains on phenyl groups embedded in tleadir grafted film.

However, except for the first step for which evides were recently found as detailed in
chapter 1V, this mechanism has not been demondtex#perimentally. Therefore, by a deep
investigation of the composition and structure loé films, of the experimental parameters
involved in the synthesis and of the compositionttté solution, we will corroborate this

mechanism and discuss its variations accordinggedgducing agent.
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V.2 - Characterization of the Graftfast™ films

The grafting of polymer with the Graftfa%tprocess will be deeply studied. To start with,
the grafted polymer will be characterised by classirface analyses; the structure, homogeneity
and conformity of the films will be examined anddily, the determination of the thickness of
the films as well as of the degree of polymerizatib grafted polymer chains will be discussed.
Since ascorbic acid (VC) was shown to be a suitedalacing agent for the study of the grafting

mechanism, experiments presented in this chaptemainly be performed with VC.

V.2.1- Typical films

As explained in 11.3.3, we focused on the graftiof poly(hydroxyethyl) methacrylate
PHEMA (represented in Scheme 61). This polymer asewsoluble, easily identifiable by IR
and XPS and does not contain nitrogen atoms, wiechits to attribute all nitrogen detected to
moieties from the diazonium salt. A typical resugtiPHEMA film was analysed after the
rinsing procedure described in 11.3.5 and compaoea commercial PHEMA spectrum (Figure
58). The two spectra are very similar, particulanythe 1730 ci absorption band (stretching
vibration of C=0 groups) meaning we actually grdfffHEMA on gold substrates by the
Graftfast™ method. However, additional peaks in the Grafttha#HEMA grafted films are
observed and, as in 1Il.3.1 and IV.1.2, are atteduto NQ groups (1525 and 1350 &n

meaning that nitrophenyl groups are also presethidge films.
0 O
~""0H

n
Scheme 61 Poly(hydroxyethyl) methacrylate PHEMA (n dendtes degree of polymerisation).
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Figure 58 — Comparison of IR-ATR typical spectra of commal&@HEMA and a PHEMA film on a gold
plate obtained by the Graftfa%tprocess (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMAeth HO DI,
60 min) with a zoom in the 1200-1650 ¢megion.
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In addition, contact angle measurements (Figurea®®)in agreement with the presence of
PHEMA on the gold surface since a classical vakemveen 50-60° was found (instead of 99°
for a pristine gold substrate). This value coukbdbe typical of a polynitrophenylene-like layer
as observed in IV.1.2. Therefore, a contact angleevin this range could also correspond to a

mixed film containing PHEMA chains as well as nghenyl groups, as suggested by IR results.

Figure 59— Static water contact angle of a) pristine, bERHA grafted (Graftfast’ process: NBDT
0.046 M (1 eq), VC 1/10 eq, HEMA 15 eq,®IDI, 60 min) gold plates.

XPS analyses were also carried out to characteéhisegrafted film. A typical survey
spectrum as well as Au 4f, C 1s, O 1s and N 1s lewm&l spectra are presented in Figure 60.
The C 1s core level spectrum is composed of thrai@ peaks. The peak centred at 285.0 eV
corresponds to alkyl groups, -C-O- or -C-N- simpbtands appear at 286.6 eV and the peak at a
higher binding energy (289.0 eV) is assigned todaoxylate ester group COO confirming
the grafting of PHEMA on the gold substrates. Iin@ surprising that the - ©* shake-up
satellite from benzene rings cannot be seen iregperiments since, as mentioned in appendix
5, it is likely that in comparison to PHEMA, arontatings are present in very low amounts in
the polymer film. Therefore, C 1s spectra are aidplayed with a maximum binding energy of
292 - 293 eV.

The O 1s spectrum displays three peaks attributesthgle or double carbon-oxygen bonds.
A ratio of 1 between all those contributions fitpectations for PHEMA.

In the N 1s core level analysis, we obtained a dermppectrum including nitro groups
(NO,) at 406.0 eV but also azo and amino groups gathier@ broad peak centred at 400 eV
and a small Au-N contribution as detailed in IL3wvhich is characteristic of a PNP layer.
Therefore, XPS results also demonstrate the presafngitrophenyl groups inside the PHEMA
films.

Finally, the Au 4f core level spectrum still shotlie characteristic peaks of gold. This result
is somewhat surprising. Indeed, according to mwoféter thickness measurements (see V.2.3)
the analysed Graftfds$t PHEMA grafted film is 23 + 2 nm thick in averagéowever, the XPS
technique only allows probing the outer 10-15 nmtioé samplé Therefore, no signal

corresponding to the gold atoms should be detected.
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Figure 60— XPS survey, C 1s, Au 4f, O 1s and N 1s corel Igpectra of a typical PHEMA film on a
gold plate obtained by the Graftfd$process (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMAG E,0 DI,
60 min).

In order, to understand this phenomenon, we cordpidwe XPS area of the latter Au 4f 7/2
peak for two grafted PHEMA films of different thiokss to pristine gold (Table 17). The area
of this XPS peak is ten times smaller for the fRBtEMA grafted film (Graftfast' 1) than for
the bare substrate. Moreover, the thicker the petyfilm, the smaller the Au 4f 7/2 area.
However, even for a 36 nm thick film, the signal @dld is still observed meaning that
photoelectrons have found a way out the film andevesllected on the detector. It is likely that

this phenomenon is due to a low grafting densitsheffilm or to its porosity.

Table 17— Comparison of film thickness and Au 4f 7/2 avahues of pristine and two PHEMA grafted
gold substrates (Graftfd¥ process: NBDT 0.046 M (1 eq), VC 1/10 eq, HEMAG(Eraftfast" 1) and
25 eq (Graftfast' 2), H,O DI, 60 min).

Pristine gold Graftfast™ 1 Graftfast™ 2

Thickness (nm) - 232 36+3
Area Au 4f 7/2 (CPS.eV) 42170 4260 677
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In addition to this difference on the Au 4f coredespectrum, by comparing two PHEMA
grafted films of different thickness, a variatianthe N 1s core level spectra was also noticed.
The corresponding measurement is shown in FiguriGthe 23 nm thick film and in Figure
61 regarding the 36 nm thick film. In the latteseathe amount of nitrogen is very weak to such
an extent that it is almost impossible to accuydfiethe signal with peaks. As XPS is sensitive
to the outer part of the sample, the thicker the,fithe less the interface film-substrate is
probed. Therefore, we assumed that, similarly tatwias concluded for the SEEP process, the
interface film-substrate is richer in nitrogen (iie moieties arising from the diazonium salt)
than the bulk of the grafted film.

3675
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36254

o 3600-!_ 1] l
© 35751 gLie ‘lﬂ \
3550 '

35254

3500 T T T T T T T T T T T T T T
410 408 406 404 402 400 398 396
Binding Energy (eV)

Figure 61— N 1s core level spectrum of a PHEMA film on ddgolate obtained by the Graftf&%t
process (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMA 25 6,0 DI, 60 min).

V.2.2 - Structure of the films

In order to confirm the localization of the nitragtyl moieties in the film and to understand
better the grafting mechanism of the Graftfagprocess, particular attention was paid in the
determination of the film structure. A detailed s of the whole thickness of the film from
the upper part (superficial) to inner part (intedfaarea) was performed by ToF-SIMS
experiments in abrasion mode. Indeed, the obtaifieB-SIMS depth profile gives the
normalized intensity of the collected ionized fragts resulting from ion bombardment of the
Graftfast™ film as a function of the abrasion time. Therefdog identifying the fragments
characteristic of nitrophenyl groups or PHEMA andfbllowing their evolution according to
the abrasion time, it is possible to determinestinecture of the Graftfalt films.

Various ions were detected on each negative ToFsSI§pectra. The characteristic
fragments of the nitrophenyl groups, the polymether gold substrate are summarized in Table
18.
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Table 18- lons of interest detected in the negative TofiSlabrasion spectra of a typical Graftf&'st
PHEMA grafted on gold plates (NBDT 0.046 M (1 eq{; 1/10 eq, HEMA 15 eq, #D DI, 60 min),
their corresponding experimental mass and theibatton in the film.

lon formula Mass (m/z) Fragment characteristic from
pr— /O-
[NOJ 30.00 Nitrophenyl groups @—N’\
(o]
pr— /0-
[CNQO] 42.00 Nitrophenyl groups @—N’\O
— /0-
[NO,] 46.00 Nitrophenyl groups @—w\o
(le
H
)
[CoHsO,] 61.03 PHEMA | /n o,
PN N
HZ
[
H
%CZ—C
[C4H:OT 69.04 PHEMA |/ H,
oéc\O/C\C/OH
HZ
o 1
—éc —C
[C4Hs0,] 85.03 PHEMA | /n o,
2Oy "
H
—— /o-
[CsH4NO,] 122.02 Nitrophenyl groups @——N'\o
[Aus] 393.94 Gold substrate

For the sake of clarity, only the profiles of theshintense fragments characteristic of each
different constituent of the film were plotted oiglire 62. Nitrophenyl moieties are represented
by the fragment [CNO]PHEMA by [GHsO,]” and the substrate by [Au An abrasion time of
zero corresponds to the top of the film. The noizedl depth profile of a Graftfdst PHEMA
film is presented in Figure 62a. When abradingsdraple, three different phases are observed:

(1) First, there is an important decrease in the iittgn$ the fragment corresponding to the

polymer. This phenomenon is due to charge effeota the bombardment with charged
ions of a non-charged material and is thereforesigptificant.

(2) Then, the PHEMA fragments keep a constant intengitye until an abrasion time of

around 70 s.

(3) After this abrasion time, the intensity of thosagiments starts to decrease while the

intensity of the nitrophenyl groups increases. Tikigollowed by the increase of the

signal of the fragment corresponding to gold megutinat the substrate is reached.

Contrary to fragments from PHEMA, the amount of jG&lO] fragments from nitrophenyl

groups increases just before the substrate is grofib a slope almost similar to the gold one.
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This is consistent with the presence of a very tRNP sub-layer near the interface
film-substrate. However, nitrophenyl fragments amedoubtedly present is the entire film
thickness since they were also detected in thepawp of the films (intensity recorded at low
abrasion times not null) but in lower amount thaamthe interface. Such observation can be in
agreement with the initially proposed grafting memism. Indeed, the initiation of the HEMA
polymerization by nitrophenyl radicals would spre@trophenyl groups throughout the full
polymer thickness up to the top of the film.

For comparison purpose, the normalized depth erofila spin-coated PHEMA film on top
of a thick PNP layer (obtained from a specific e under patent submission) is shown in
Figure 62b. According to the repartition of theiwas fragments in the depth of the films, the
outer of this sample is composed of PHEMA layerdémeath, there is an intermediate zone
made of a mix between PHEMA fragments and nitroghgroups. Then, a pure PNP layer is
detected and the substrate is reached. This depfiiepis quite similar to the Graftfast
PHEMA profile in Figure 62a which confirms the stiure of the GraftfadY films. However,
in the case of the Graftfa¥tPHEMA film, it seems that there is not a clearasafion between
the PHEMA and the PNP layers. Indeed, the intersitthe PHEMA fragments is only null
when the substrate is reached. Therefore, polyrhans are also present very close to the

interface film-substrate but in smaller amountamparison to the outer part of the films.
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Figure 62— Depth profile of the normalized intensity of [ON (characteristic of nitrophenyl groups),
[C4Hs0,]" (characteristic of PHEMA) and [A]i (characteristic of the gold substrate), ions detkon
the negative ToF-SIMS spectra of a) a typical Gaaft PHEMA grafted on gold plates (NBDT
0.046 M (1 eq), VC 1/10 eq, HEMA 15 eq,®IDI, 60 min) and b) a spin-coated PHEMA film op tof
a PNP layét

To summarize, according to the ToF-SIMS results,haee confirmed that the Graftf85t
PHEMA films are rich in nitrophenyl groups near thterface film-substrate but such moieties
are also present in smaller amount up to the sairdthe films (probably due to the fact that

they initiate the polymerization). The polymer éahd in the all depth of the film and mixes to

2 Only qualitative comparison of those two profitem be made. Moreover, for the sake of clarity, the
spectra were normalized in intensity. Thereforaxgs are not comparable.
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nitrophenyl groups near the interface with the gpldte. The deduced structure of the
Graftfast" film is presented in Scheme "&nd is similar to the one of films obtained by the

electro-induced process SEEP

Scheme 62- Proposed structure of the GraftfASPHEMA films. The polymer chains are represented in
green and the nitrophenyl moieties in blue.

V.2.3 - Morphology and conformity
To go further in the characterization of the PHEMiAns, AFM measurements were

performed on a bare gold substrate and a Grafff@®H4EMA film on gold.

38nm

: e o o 0
Figure 63— 5 x 5 um? AFM images of a) a pristine gold statstand b) a Graftfast PHEMA on gold
(NBDT 0.046 M (1 eq), VC 1/10 eq, HEMA 15 eq,®DI, 60 min).

From the AFM images of a pristine gold plate (Fg®3a) and a PHEMA grafted film
(Figure 63b), we calculated a roughness valueespectively, 4.5 nm and 3.8 nm. This shows
that the PHEMA layer is highly conform to the galdbstrate and may, as in this case of a
35 nm thick film, slightly flatten it. Thus, Figu&3b confirms the conformity of the film to the

® All polymer chains are represented attached caramatic ring according to the results presented in
V.4.3 on the importance of a primer PNP sub-layerth® grafting. For the sake of clarity, neithee th
degrees of polymerisation of the PHEMA chains ier presence of amino or azo groups are taken into
account.
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substrate and gives also information on the mogaobf the films. Indeed, this AFM image
demonstrates the “grainy” morphology of the PHEM#&fted films. Similarly to what was
observed by Tessiest al® for electrochemically grafted PHEMA films, it igély that the
thicker the organic layer, the more flattened thial morphology of the substrate, as illustrated
by Scheme 63. The presence of high dots on thenedaarea could be attributed (i) to dust on
the substrate, (ii) to the presence of gold ara#s avhigher reactivity leading to the grafting of
more polymer or (iii) simply remaining physisorbpdlymer which was not discarded by the

rinsing procedure.

#Ihickress | F—Semsrmsa s

of thelayer | — —  —_ — —_ —

Gold grains —* — 12(] —30nm
=~ 80 nm

Scheme 63- Scheme of the changes in morphology of the fiions to the flattening effect induced by
the increase of the polymer thickness, extracteah fihe work of Tessiér

V.2.4 - Homogeneity

The determination of the influence of experimergatameters on the films in order to
investigate the mechanism will be mainly based eamparisons between IR intensities values
of the stretching vibration of C=0 groups. Therefat is important to evaluate the variations in
IR absorption between values measured along thee saubstrate as well as on various
substrates immersed in the same reactive solution.

First, by performing twelve measurements alongstmee PHEMA grafted film (Figure 64),
an average intensity value of 7.5 + 1.1 % was ¢aled. Therefore, the IR absorption value of a
sample can be determined with a variation of plusnmus 15 %. As mentioned in 1V.1.2.1,
this discrepancy could be due to the variabilitytikd ATR measurements but also to the
homogeneity of the organic film itself. To get dtbeidea of the homogeneity of the PHEMA

films, substrates were characterized at a smallde 9y IRRAS.

809% —#»x X<+ 635%
74% —» X X< 835%
69% P> X X< 74%

747% —» X X< 673%

832% —® X X<+ 828%
85% —» X X< 64%

Figure 64— Intensity of therc-o absorption band from the IR-ATR analysis alonggbkl substrate
(26 x 70 mm) of a PHEMA film grafted with the Graftfadt process (NBDT 0.046 M (1 eq), VC
1/10 eq, HEMA 15 eq, $#D DI, 60 min).

The IRRAS mapping, focused on the most intense lmdrttie polymer (at 1730 ¢l is
presented in Figure 65. It seems that, in this 47t square, the IR intensities are very

similar except in singular points. Indeed, eachkpmathe mapping represents a single point of
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measurement for which more PHEMA is present. Swedke are consistent with the dots that
were observed by AFM (Figure 63b). However, theynid constitute the main part of the
sample. Therefore, we can consider the graftingonsogeneous with a variation of + 15 % on

the IR values.
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Figure 65— IRRAS mapping (68 mfof the\)c:o band (1730 cif) from a typical PHEMA layer grafted
by Graftfast” (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMA 15 eq;®DI, 60 min). A measurement was
performed every 430 um in both directions.

To finish, by analysing three different samplesftgdh at the same time and in the same
reactive solution, we found out that the IR-ATReimsity average value was also obtained with
a variation of £ 15 %. Thus, the same variatiorugatn the IR measurements is reached when
averaging various absorption values from the saangpk or one IR value from three different
samples. Therefore, in order to reasonably limgt tlumber of measurements to characterize
one experiment, for the rest of this work, we deditb perform IR measurements in the middle

of three samples grafted simultaneously and to tlakeverage value.
V.2.5 - Reproducibility of the syntheses

Let us now focus on the reproducibility of the mss. In order to estimate the
reproducibility of the experiments, the dispersafrthe intensity values ofc-o was evaluated
in the case of several PHEMA films grafted on ggcepared in identical conditions over a
year. These IR intensities as well as the averagethe standard deviation of those data,

calculated from the equation 5.1, are reportedaibld 19.

The IR-ATR intensities are not constant from a Gaaf™ experiment to another one. If we
consider the difference between the average amdreatvalues, for these experiments, the IR
intensities are determined at plus or minus 44 Berdfore, it seems that the process is poorly
reproducible at least from a laboratory point adwi Such a dispersion of the values between
theoretically “identical” samples could come from:

- the homogeneity of the film. As detailed in the ioes part, the IR intensities are

obtained with a variation of £ 15 %.
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- a difference in reactivity of the gold plates. ledethe reactivity of the substrates can
vary, for instance, according to their contamimatidhe time of storage, their
preparation. In the latter case, the quality ofdéleporated gold strongly depends on the
parameters such as the cleanliness of the evaporetiamber and the cleaning of the
glass plates.

- avariation in the reactants. In the case of ascartid, the same batch was used during
the whole work. However, the diazonium salt as vesl the monomer came from
different batches, because the consumption did allotv keeping the same one.
Moreover, the purification of the diazonium saltreprecipitation could provide batches
of different purity.

- the atmosphere of the reaction. The diazoniumisaighly sensitive to temperature and
light. Therefore, variations of such parametersid¢d@dfect the synthesis. The humidity
level in the air could also influence the reaction.

- the IR measurement. As mentioned in 111.3.1, theAlRR measurements are sensible to
the pressure applied on the sample and its conitittthe diamond crystalMoreover,

the determination of the intensity value dependtherbase line of the spectrum.

18 _ n
a:\/—(Zﬁ)—x2 with 7:12& (5.1)
n = n=

Table 19— Intensity value ofc-o band for Graftfast! PHEMA films synthesized in identical conditions
over a year (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMIBeq, HO DI, 60 min).

Date (DD/MM/YY) | Ve-o
15/12/09 8.05 %
26/01/10 7.61 %
23/04/10 5.99 %
31/05/10 4.5 %
30/06/10 5.28 %
24/09/10 5.4 %
06/10/10 8.75 %
15/10/10 10.19 %
03/11/10 5.4 %
14/01/11 9.76 %

Average X 7.09 %
Standard deviation o 1.9%

In order to reduce such disparities in the IR isiées values, we tried to limit the effect of
some of the parameters listed above. Comparisoh®my be made between samples grafted
on the same day, from the same reactants and drptgiks from the same evaporation batch.

That way, we assume that the measurements areyniailtlenced by the homogeneity of the

¢ This error is however already taken into accoumémvcalculating an average IR value from various
samples.
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films and the variability of the ATR measuremenitkerefore, a variation of £ 15 % on the IR

intensity values will be considered, as evaluateu/a.

V.2.6 - Thickness of the films

Beyond chemical characterizations of the polymds also very important to determine the
thickness of the grafted layers. Various techniquees be used to do so. First, the thickness of
films can be evaluated from XPS data. It can alsedached by optical measurements with an
ellipsometer and by mechanical measurements usipr@fdometer. To finish, as we will see
that all those methods present drawbacks, we wipg@se another way to estimate the film
thickness in the specific case of PHEMA based ereftablishment of an abacus linking the IR
intensity of the carbonyl band with the thicknesgasured by the previously described

methods.

V.2.6.1 - Thickness calculations from XPS data
According to the equation (5.2), the thickness hof tfilms can be calculated from the

decrease in intensity of the XPS gold signal olexthetween a pristine and a coated substrate.

I Intensity of the grafted sample (Au 4f 7/2)
Intensity of the pristine sample (Au 4f 7/2)
Thickness of the organic layer 5.2)
| 0 A Attenuation length of electrons

6  Angle of the XPS beam with the substrate

o8] i |
— =g 18nf)  ith do

Since in all our experiments, XPS measurements weréormed in normal incidence

(6 = 90°), the thickness of the layer is given byfililowing equation:

d=-1 El_nll—O (5.3)

This formula was used by Whitesides and®dolt thickness determination of self-assembled
monolayers (SAMSs) of alkanethiols on Au(111) antliga ofA were determined in this specific
case { =42 + 1.4 A for a kinetic energy of photoelecsasf 1402 eV corresponding to Au 4f
7/2). However, applying this method to our filmsnist straightforward. First, since we are
dealing with polyphenylene-like or polymer filmsp rvalue of the attenuation length of
electrons was estimated for such films. Nevertiselas a first approximation, for very thin PNP
films A values associated to alkanethiols layers coulduded. However, this technique is
limited to films thinner than approximately 10 - 4B (value corresponding to the maximum

escape depth of electrons from the substrate).

To start with, we applied this method for the timeks calculation of pure
polyphenylene-like films on gold as those formeahapters 11l and IV. The Au 4f 7/2 intensity
of a pristine gold substrate after abrasion osudace in the XPS chamber to remove carbon

and oxygen contamination was usedast lwas found that the thicknesses calculatedPfdP
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layers were identical to the one estimated in @ ®f a non-abraded pristine gold sample, i.e.
identical to a contamination layer. Therefore, thisthod is not adapted for the determination of
the thickness of PNP layers. It is neither efficiéor the evaluation of thickness of PHEMA
films. Indeed, as developed in V.2.1, the attelomanf the gold signal is unexpected for
PHEMA films obtained by the Graftfd&t process since 36 nm thick films (profilometer
measurement) can still display peaks corresponiiniu 4f 7/2. Therefore, the above formula
will likely underestimate the thickness of the filMoreover, films a lot thicker than 10 nm are
often formed by the Graftfd$t process. To conclude, this technique based on d&@&is not
suitable in our case for the thickness determinatib neither PNP layer nor PHEMA films.

Consequently, we focused on other methods anctpkatiy profilometry.

V.2.6.2 - Thickness measurement by profilometry

Profilometry is a mechanical technique based orv#niations in height, due to the profile of
the surface, of a stylus in contact with the sangpléd moving along it. Often used to measure
roughness of substrates, it could also be empléyethickness measurements when a “step”
between the layer and the pristine substrate eX8sish configuration can be difficult to obtain
since our sample are completely immersed in thetik@asolution. Various techniques were
tested in order to create this step. The methothgithe best defined “step” consists in
performing a manual straight “scratch” of the sasnpith a wooden stick. This removes the
organic layer withouta priori, damaging the gold layer and forms a line poténtfeee of the
polymer. A typical profile obtained by this technggto determine the thickness of the polymer
film (35 £ 3 nm) is presented in Figure 66.
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Figure 66 — Typical profile obtained with a profilometer @aPHEMA layer on gold in the area of the
hand-made scratch (NBDT 0.046 M (1 eq), Iron, HEMR\eq, HCI 0.5 M, 60 min).

It is evident that the accuracy of those thicknemsasurements strongly depends on the
formation of the “step”. The thicker the film, treasier the creation of this step. However,
remaining polymer inside the scratch is always afsgibility and could lead to an
underestimation of the thickness of the films. Efare, small spot XPS measurements were

performed inside and outside the scratch (Figune Bibm the higher intensity of the gold
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signal inside the scratch, it is obvious that apartant part of the organic film was removed
from the substrate. Moreover, the area of totab@arns also strongly smaller when analysing
the inside of the scratch, while nitrogen peaky shghtly diminuish. However, some nitrogen
(in particular Au-N bonds representative of theerface film-substrate) were still detected
inside the scratch as well as some carbon correlgppio the polymer (C=0 band). Therefore,
it seems that most of the polymer film is elimirthtehen scratching the sample. Nevertheless,
similarly to the results of Charliest al” after the nanofriction of a PNP electrograftedelay
with an AFM tip, a small part of the organic filnemains grafted, which induces an
unmeasurable error in the thickness measurement.

Consequently the following question raised: in tase of the Graftfat PHEMA films,
does it exist another method giving a more accutat&ness value of the films?
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Figure 67— Au 4f, C 1s and N 1s core level spectra outaittkinside the scratch performed on a typical
PHEMA film on a gold plate (NBDT 0.046 M (1 eq)oir, HEMA 15 eq, HCI 0.5 M, 60 min).

V.2.6.3 - Thickness measurement by ellipsometry
Among the common method for thickness measuremeasilipsometry appeared as a
potential candidate. It is an optical technigue sisting in the analysis of the changes in
polarisation of light upon reflection on a surfadeanong the various applications of this
characterization tool, thickness measurement weslwused in the case of “thin” films such as

non-reflective layers, gold coatings and so onsThiethod is mainly suitable for substrates
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composed of a small number of discrete and welhddflayers that are optically homogeneous

and isotropic.

Thus, drawbacks of this technique for the thicknelaracterization of the Graftfa%t
PHEMA films are quite obvious. First, those filmsedikely to be formed from a mix from
PHEMA polymer chains and moieties from the diazonisalt. The refractive index of such a
layer is unknown and no layer model has been asitedol. Moreover, as detailed in V.2.4, the
homogeneity of the polymer film might not be goawbegh for that method. To finish, the
roughness of the gold substrate as well as theodribe film could be a problem for the
measurement.

Ellipsometry experiments were performed (see apgehidusing a layer model of a single
organic layer on gold. Considering the factors atartainties in measurement mentioned
above, the thicknesses of the films obtained hipsgimetry were not determined with a higher
accuracy than those measured by profilometry @bigd be for instance enhanced by defining
a layer model closer to the reality of our filmsjoreover, as we do not have the experimental
apparatus in our laboratory, systematic thicknesgsurements of the grafted films are difficult.
Therefore, we propose a method to quickly accessvéthue of the thickness of the films by

coupling ellipsometer and profilometer measuremeiitts IR absorption intensities.

V.2.6.4 - IR intensity/thickness abacus for a rapid thickness
determination
The IR-ATR technique is a non-quantitative methddwever, the intensity of an absorption
band, characteristic of the film (in our cageo at 1730 crﬁ), can be correlated to the thickness
of the filmsvia an abacus. To do so, GraftfAstPHEMA films of various thicknesses were
characterized by IR and profilometry/ellipsometffne values are reported on the abacus in
Figure 68. No values are presented for films thirthan 10 nm since both techniques are not

suitable to measure such thicknesses.
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Figure 68— IR intensity of theyc-o band for Graftfast' PHEMA films of various thicknesses on gold

(obtained in different conditions using ¥)CThe error bars indicate the uncertainties insnezment.

4 No experimental data are presented for IR absmrptitensity superior at 12 % i.e. thicker PHEMA
films since in this work, we rarely obtained suitim$§ using ascorbic acid and in a reproducible way.
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First of all, it is interesting to notice that tgeaphs obtained in the case of profilometry and
ellipsometry experiments are very similar meaningt tooth techniques give close thickness
values. This also indicates that this abacus isdependent on the method chosen to measure
the thickness of the PHEMA films. Besides, as it ba observed on this figure, for thickness
values smaller than around 40 nm, it seems thae tisea linear relationship between the IR
intensity of the carbonyl band and the thicknesthefpolymer films. This result demonstrates
that the comparison of the films in terms of thieka can reasonably be based on the

measurement of the IR absorption intensity.

Therefore, in the rest of this chapter, the infeeenf the experimental parameters on the film
growth i.e. on the film thickness will be achievieg directly comparing IR intensities of the
Uc-o IR band instead of thicknesses measured by eftipsty (which cannot be daily performed
in our laboratory) or profilometry (for which a atch is required). Thus, the abacus (Figure 68)
gives the correspondence between the IR intensdytlze thickness of the film. This method is
rapid, simple and can be systematically performedesiR is a common characterization tool.
However, it is important to be aware of the limaas of this technique:

- The correlation between IR intensity and thicknedsased on the assumption that there

is no preferential orientation effect of the candayroups in the films.

- This method is only suitable for the evaluationrefative thickness. The thickness
values of two films can be compared one with theepbut an absolute thickness value
cannot be precisely determined.

- This technique is only suitable in the specificeca$ Graftfast”" PHEMA films on gold
very probably obtained in presence of the samecieduagent since thickness values not
fitting this linear relationship were determined fitms synthesized with iron powder as

reducing agent (see V.4.5.2 for a possible expiamat
V.2.7 - Degree of polymerization of PHEMA grafted chains

In order to fully characterize the Graftf2films, the last parameter to evaluate is the lengt
of the PHEMA chains (molecular weight or degregolymerization). To do so, two methods
were used: size exclusion chromatography (SEC)X8. In the former case, the degree of
polymerization of chains in solution can be pothti determined. Assuming that polymer
chains formed in solution have the same charatitsrias those grafted on the substrates, this
method could give a rough idea of the value conogrgrafted polymer chains on gold
substrates. In the latter case, thanks to a fewoappations, the degree of polymerization of

grafted PHEMA chains was estimated.
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V.2.7.1 - Size exclusion chromatography

To get information on the molar mass of the polylmeISEC, a calibration using standards
of known molar mass has to be performed. HoweVEC & a chromatography method based
on the separation of macromolecules according ®&r thydrodynamic volume. Thus, a
non-linear macromolecule would fill a higher volutian a linear macromolecule of identical
molecular weight and be consequently eluted magoelisain the column. Therefore, PHEMA
standards of similar architecture of the polymetaoted by the GraftfaS! process are
required. However, the architecture of the polynmethe case of the Graftfa¥t process is
unknown. Similarly to the probable grafting meclsamj it is likely that, in parallel to a classic
polymerization pathway, growing polymer chains gqaotentially terminate onto nitrophenyl
groups (present in the chain since they initiae gblymerization). Such phenomenon could
lead to the formation of random non-linear polyrokains. Moreover, the mix composition of
the polymer (due to presence of aromatic rings)atao affect the behaviour of the polymer in
the SEC column. Therefore, no polymer standard okimg the unidentified architecture and
composition of the Graftfa8t PHEMA exists. Hence, the evaluation of the degoée
polymerization of the Graftfat PHEMA is impossible. Only qualitative comparisénsignal
intensity are relevant in the case of the studythef Graftfast" solutions. Size exclusion
chromatograms of a typical GraftfdStsolution at various reaction times are presented i

Figure 69. The shorter polymer fragments take lotigee to exit the column.

0.012
{|Reaction time —
0.0104 | — solvent /N
/|——5min
0.0084| —— 10 min
{|—— 30 min
0.006{| —— 60 min
0.004
0.002 4
1 |
0.000 I

0 ' 5 '1IO'l|5'2|0'2|5'3|0'3|5'4|0'45
Time since injection (min)
Figure 69— Size exclusion chromatography of a Grafffasolution (NBDT 0.046 M (1 eq), VC
1/10 eq, HEMA 15 eq, ¥ DI) at various reaction time.

First of all, it is clear that whatever the solat@nalysed, there is a continuous distribution in
polymer size. Moreover, all the molecular weightsserved are already present after five
minutes of reaction meaning that the polymerizatiorsolution starts in the first 5 min of
reaction. However, the detection is provided bgfaactive index detector which measures the
variation in refractive index of the analysed siolntin comparison with a reference solution
(mobile phase). Therefore, as polymer chains déxifit molecular weights are likely to have

different refractive index values, they cannot barmitatively compared. Only comparisons in

190



Chapter V — GraftfasY process

intensities of the polymer chains according torémction time can be made. It is obvious from
Figure 69 that, as expected, whatever their moéecwkight there is a linear increase in the
number of polymer chains (growing or terminated)}thwreaction time. Particularly, the
variations between 30 and 60 min reaction timegatd clearly that even the shortest polymer
were created in the last 30 min of the reactions Than important observation since it proves
that the solution is still “active” i.e. initiatioof polymerization still occurs 30 min after tharst

of the reaction. Surprisingly for the longest r@atttime no polymer chains with higher
molecular weight than those observed at shortatioeatime were detected. This phenomenon
is likely to be linked with the limited lifetime ofrowing radical chains in the medium

(important number of termination reactions).

Therefore, thanks to SEC, polymerization in solutweas demonstrated. Then, data on the
« activity » of the solution were collected. Polynohains are present in the first 5 min of the
reaction but are also created in its last 30 miaweler, we could not access the degree of
polymerization of the PHEMA, grafted on the sultstrar in solution. In order to estimate the
number-average degree of polymerization {Of® the Graftfast’ grafted PHEMA, we used an

indirect method based on XPS results.

V.2.7.2 - Estimation of DRfrom XPS data
In this part, XPS data are used to estimate thesdegf polymerization of grafted PHEMA.
Indeed, as polymerization is initiated by nitropyleradicals, a PHEMA chain grafted on the
substrate can be represented as in Scheme 64. ghafsed chains are composed of a
nitrophenyl end (only entity bearing a nitrogenmafocand of n HEMA repeated units (each
containing a carboxylate group). The degree of ipelyzation can therefore be estimated from
equation 5.4 by calculating the ratio of the arefsarboxylate and nitro group&etermined

by XPS analysis).

COO(CH,),0H

Scheme 64- Representation of a PHEMA chain initiated byteophenyl radical (n represents the
average number of repeat units i.e,,PP

Area (COO0)

_ (5.4)
"= Area (NO, + NH,)

€ As detailed in 111.3.1.2, amino groups are likébycome from the degradation of nitro groups due to
exposure to X-ray irradiation. Therefore, to takdoiaccount the entire amount of nitrogen from
nitrophenyl groups, amino as well as nitro grousSXcontributions were added.
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For samples obtained after a 60 min reaction titme,degree of polymerization of grafted
PHEMA chains was estimated to range in average f@rno 80. Those DRvalues are likely to
be underestimated. Indeed, in these calculatioesassumed that only one nitrophenyl moiety
per grafted polymer chain was present in the flftawever, depending on the thickness of the
sample, the interface film-substrate, rich in mptrenyl groups (see V.2.2), can be analysed by
XPS. As it is impossible to dissociate nitrophegsdups located in this area from nitrophenyl
that have initiated the polymerization of graftesymer chains, it overestimates the amount of
nitrophenyl groups used in the equation 5.4. Moeeothe possibility of the grafting of
nitrophenyl radicals directly onto the aromatic eridhe polymer chains cannot be discarded.
This would also lead to an overestimation of theoamb of nitro groups in the films i.e. an
underestimation of the QPf the PHEMA grafted chains. Besides, those {#ues cannot be
determined accurately since the nitrogen signabimes less and less intense when analysing
parts of the film which are more distant from theface. Considering all these parameters,
studies of the evolution of the degree of polynaian according to, for instance, reaction time
or the [HEMA]/[NBDT] ratio were not performed.

V.3 - Optimisation of the experimental parameters

In this part, the influence of experimental coratig on the process will be investigated
Ratios and concentrations of reactants will beroiged as well as the reaction time. Then, the
efficiency of the usual rinsing procedure will beamined in this particular case of PHEMA
films. To finish, the influence of gas bubbling aheé acidification of the solution will be tested.
The effect of those parameters on the GraftfaBHEMA films will be evaluated by comparing
the IR intensity values of the.-oc band which, as previously detailed, is relatethtothickness
of the film. Beyond finding experimental parametgiging the thickest films, the study also
aims at highlighting results which could be helpfol the understanding of the grafting

mechanism.

V.3.1 - Adjustment of concentrations of reactants

Similarly to what was observed in the previous ¢teaphe value of the [VC]/[NBDT] ratio
probably plays an important role in the synthe8iereover, it is likely that [HEMA]/[NBDT]

" According to those values, in some cases it wingdnore accurate to talk about oligomers and
oligoradicals instead of polymers and macroradiddtsvever, in the rest of this work, we will camon
using the words polymer or polymer chains.

9 As shown in appendix 6, even when no reducing tigemsed, the temperature has an influence on
the reaction. However, the mechanism involved remanclear. Therefore, in order not to complichte t
understanding of the Graftfa¥mechanism, we will not investigate the effecttuf temperature during
our experiments.

192



Chapter V — GraftfasY process

ratio and the NBDT concentration will also have efect on the process. Therefore, their

influences on the grafting of PHEMA films on goleme studied.

V.3.1.1 - Ratio [VC]/[NBDT]

The initial concentration of ascorbic acid in th@luton was the first parameter to be
optimized. The IR intensity values of the.o band according to the value of the [VC]/[NBDT]
ratio are summarized in Table 20. It is clear tinat lower the ratio, the higher the intensity
value i.e. the thicker the PHEMA film. Therefors,far the VC-induced process (chapter 1V), a
[VCV/INBDT] ratio of 1/10 will be used for the resf the study. Excess values of VC were not
tested since stoichiometric amounts of reactantee vadready not giving any grafting of
PHEMA.

Table 20— IR intensity of theic—o band of Graftfast! PHEMA film according to the [VC]/[NBDT] ratio
used (NBDT 0.046 M (1 eq), VC, HEMA 5 eqy®i DI, 60 min).

[VC]/[NBDT] 1 3/4 1/2 1/5 1/10
| veso 0.33 % 0.88 % 1.2 % 1.4 % 2.66 %

V.3.1.2 - Ratio [HEMA]/[NBDT]
The [HEMA]J/[NBDT] ratio is also likely to affect # synthesis of the Graftfa¥tPHEMA
films. The XPS area of carboxylate ester groups CH® IR intensity ofvc-o band and the
thickness of the PHEMA films were followed to intigate the evolution of the grafting when

varying the starting HEMA concentration (Figure .70)
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Figure 70— XPS area of COO (blue), IR intensityveto band (green) and film thickness (black, at
+ 5 nm) of Graftfast’ PHEMA films as a function of the [HEMA]/[NBDT] rit (NBDT 0.046 M
(1 eq), VC 1/10 eq, HEMA, O DI, 60 min).

It is interesting to notice that the variations thbse three parameters with the HEMA
starting concentration are parallel. It denotes &naincrease in the IR intensity is mainly related
to an increase in the film thickness and not in filen density. Moreover, the XPS
measurements corroborate the IR results i.e. thgepce of PHEMA films on the substrates is

confirmed and thicker films are obtained for high@nomer concentrations. A 1.25-fold molar
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excess of HEMA over the diazonium salt did not lemdny PHEMA grafting. However, from

a [HEMA)/[NBDT] ratio of 15, a maximum value of thiickness of the PHEMA film was

obtained. This critical value could correspond tmoenpromise between the termination rate of
growing polymer chains on the surface and the pipygm of polymer chains on the substrate.
Indeed, the increase in the initial concentratibrmonomer simultaneously leads (i) to the
formation of more growing polymer chains which ggaft on the substrate and (ii) to more
terminated polymer chains which can physisorb enstirface and block the growth of the film.
Thus, the observed maximum thickness seems reiatind amount of grafted and physisorbed
chains. However, the latter parameter depends ersatubility of the polymer chains in the

solvent. Particularly, experiments performed in moer-rich aqueous solution may limit the
physorption of the ungrafted polymer chains if fhaymer chains are more soluble in the

monomer than in water.

The presence of nitrophenyl moieties in the PHEMAIture was confirmed by IR-ATR
and XPS. The thicker the PHEMA film, the higherti®e IR absorption intensity of the
characteristic bands of nitro and phenyl groups @hsorption intensity of théyo, band for
PHEMA polymer film was found higher than in the ea$ pure PNP films (respectively 0.78 %
and 0.11 %). However, the thicker the PHEMA filime tsmaller the XPS area of features from
the nitrophenyl moieties (nitro and amino groupBhe differences between IR and XPS
measurements concerning the amount of nitrophemylps in the films can be attributed to a
difference in analysed depth between those twaniqaks. Indeed, for IR-ATR measurements,
this value depends on the wavelength of lightréfeactive index of the crystal as well as of the
sample and the incidence angle of the IR beam.dEjp¢h of penetration was calculated thanks
to the equation 5.5 and found to range from 0.5tpn3 pm for respectively 4000 ¢hrto
600 cni. Thus, in our case, the whole films are alwaydymea. On the contrary, XPS is only
sensitive to the outer 10 - 15 nm of the coatirfger&fore, we believe that, in the case of most
PHEMA films, only a small amount of the nitrophegybups is detected by XPS in comparison
to what is measured by IR because those moietiesmainly located near the interface

film-substrate.

L Wavelength of light

.= A , 8; Angle of incidence of the IR beam
p = —— = with o (5.5)
2my/(n] sin?6; — n3) n; Refractive index of the crystal

n, Refractive index of the sample

To sum up the influence of the starting HEMA corication, a 15-fold molar excess over
NBDT corresponds to the lower HEMA concentratiodueagiving thick PHEMA films.
Therefore, in the rest of this study, the [HEMAJBNT] ratio will be kept at 15.
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V.3.1.3 - Concentration of NBDT

To finish with this study on the influence of theactants concentrations, the concentration
of the diazonium salt was varied. No concentrahagher than 0.046 M was tested since we
were limited by the solubility of NBDT in water. &mn the results reported in Table 21, it seems
that the higher the NBDT concentration, the higherIR intensity value ofc-o i.e. the thicker
the PHEMA film. However, there is a critical NBDBrcentration value, between 0.023 M and
0.01 M, from which almost no PHEMA grafting is obged. For lower concentrations than this
critical value, the IR absorption spectrum corresjsoto a PNP layer. Therefore, it is possible
that, in those conditions, there was not enouglgrpet chains formed in solution to get them
grafted on the substrate.

To conclude, it appeared that the thicker Graftth®HEMA film on gold from NBDT and
ascorbic acid are obtained using a NBDT concenptratif 0.046 M, a [VC]/[NBDT] ratio of
1/10 and a [HEMA]/[NBDT] ratio of 15. Those optineid parameters will therefore be used in
the rest of the study to make easier the evaluatiothe influence of other experimental
parameters on the grafting.

Table 21— IR intensity of the/c-o band of Graftfast! PHEMA film according to [NBDT] (NBDT
1 eq, VC 1/10 eq, HEMA 15 eq,,8 DI, 60 min).

[NBDT] 0.001 M 0.0046 M 0.01 M 0.023 M 0.046 M
| ve-o 0.21 % 0.11 % 0.67 % 8.9% 10.19 %
V.3.2 - Reaction time

Another important parameter of the Graftfsprocess is the reaction time. Therefore, the
grafting obtained for a reaction using the optirdiz®ncentrations determined in the previous
part was followed with time. The IR intensity vaduerere measured, after the usual rinsing
procedure, at various reaction times in the caséwof identical reactions carried out with
4-month time gap (since differences could be oleskrue to the lack of reproducibility of the

experiments, see V.2.5). The results are presémtéidure 71.
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Figure 71— IR intensity of thec-o band of Graftfast! PHEMA films synthesized in the same
conditions but with a 4-month gap (NBDT 0.046 Me(d), VC 1/10 eq, HEMA 15 eq,,B DI) versus
reaction time.
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It is difficult to determine a general trend. Inde®n the one hand, the first curve (green
points) shows an initial linear increase of the antaof PHEMA on the substrate which then
tends towards an asymptotic value after 60 mine&sected, the longer the reaction time, the
more polymer chains are grafted until compoundsointion physisorb on the sample and block
the access to the surface. On the other handettend curve (blue squares) also starts with a
linear increase of the amount of grafted PHEMA that maximum value is reached at around
30 min and is surprisingly followed by a decreaée¢he vc=o IR intensity. This behaviour is
more difficult to explain. It could be due to oumging procedure which in the former case is
not efficient enough to remove the entire non-gi@fbolymer or on the contrary damages the

thick polymer films due to ultrasonication.

We therefore investigated the variations in grafiilmduced by the rinsing procedure. Simple
water, ethanol, acetone rinsings were first pertmnThen, a 5 min ultrasonication treatment
was added (which corresponds to the typical ringiragedure employed). To finish, on top of
the previous rinsings, we investigated the effdca treatment in a Soxhlet extractor (EtOH).

Thevc=o IR intensity values obtained after each procedueereported on Figure 72.

[ Simple rinsings
I DMF US
/I EtOH Soxhlet

0 10 20 30 40 50 60
Time (min)
Figure 72— IR intensity of theie—o band of Graftfast! PHEMA films (NBDT 0.046 M (1 eq), VC

1/10 eq, HEMA 15 eq, ¥ DI) as a function of the reaction time in theecaéthree different rinsing
procedures: simple water, ethanol, acetone rinsin@@MF US, + Soxhlet extractor.

As in the case of the data in blue in Figure 7terafimple rinsing and DMF US, a maximum
of PHEMA grafting is observed around 30 - 40 mirl as followed by a decrease. However,
after the Soxhlet procedure, it seems that, corisigi¢he variations in measurement, a constant
ve—o IR value is obtained from the reaction time. O86min, the difference between the two
latter rinsing procedures is not significant. DMIS dn top of simple water, ethanol, acetone
rinsing is therefore sufficient to remove all namdged polymer. Nevertheless, for reaction
times of 30 min and 40 min, a relevant drop in hiensity was detected between the latter two
rinsings. This means that there is remaining ptpepolymer on the sample that can only be

removed by a Soxhlet treatment. This behaviourccaulse from differences in the cohesion of
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the physisorbed polymer whether it contacts grafetEMA film or already physisorbed

matter, which densities are likely to be different.

This study showed that the unexpected behaviousoaie graftings with time could be
explained in terms of rinsing procedure since ah®ixrinsing restores a “normal” trend.
Moreover, it appears that a 60 min reaction astattitgo a typical rinsing procedure and a
30 min reaction coupled with a Soxhlet extractar {@p of a typical rinsing procedure) would
give identical results. Therefore, for the sakesiohplicity, a reaction time of 60 min and a
typical rinsing procedure (water, ethanol, acetongings followed by 5 min DMF US) will be

employed for the rest of this chapter.

V.3.3 - Gas bubbling

As demonstrated in 1V.2.2.2, the redox-induced esscis based on the formation of aryl
radicals from the reduction of the diazonium dalthe Graftfast” process, it is very likely that
such reduction also occurs. Radicals are knowretsensitive compounds to the atmosphere of
the reaction. On the contrary to inert atmospheogijative atmospheres {fOcan work as
radical quencher. Therefore, the bubbling of tHetsm can have an impact on the grafting of
PHEMA films. Argon, dinitrogen and air bubbling veeexamined and compared to a reaction
performed without any bubbling. The variations detd on theico IR intensity (Table 22) do
not seem important enough to be attributed to d&aceff the bubbling. Only the results
obtained with air bubbling could be consideredlighgly favor the grafting of PHEMA films,
which is quite surprising since,@ a radical quencher. It is likely that the bubplhas an
effect on the reactions occurring in solution bt avd not study that aspect. No clear influence
of any of the tested bubblings on the grafting ere.ending reaction on the surface was found.

Therefore, for the rest of this study, no bubblvity be used.

Table 22— IR intensity of the/c- band of Graftfast' PHEMA films (NBDT 0.046 M (1 eq), VC
1/10 eq, HEMA 15 eq, ¥ DI, 60 min) according to the nature of the galstilimg of the solution.

No bubbling Argon N, Air
| ve=o (%) 8.05+1.2 7.65+1.15 8.47 +1.27 94+14

V.3.4 - Acidification of the solution

Last but no least experimental parameter investeyest the acidity of the solution. The effect
of the pH of the solution and the nature of thedlaged on the PHEMA grafting was tested.

Experiments in acidic buffer solutions were alsoied out and are presented in appendix 7.

First of all, the reaction was performed at variaaglic pH using K50, and HCI solutions.
An experiment in KO DI was carried out in parallel for comparison gmge. The results
presented in Figure 73 show that, whatever the pkth® solution, almost no PHEMA was

grafted using HCI solutions. The interfering reastforming chloroaryls from diazonium salt
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and HCI (see 11.3.1.3) could explain such behavitlowever, when using 330, solutions, it
seems that the more acidic the pH (down to pH pfh®) thicker the grafted films. Surprisingly,
whatever the acid employed, no grafting was obska¢eH lower than 1. The reason why such
phenomenon occurred remains unclear. It could gimpé to the very low amount of ascorbate
ions in solution, which, according to the mechanmmposed for the VC-induced process in
IV.2.3, is likely to be the compound responsibletfee reduction of the diazonium salt. Indeed,

at pH =1, the concentration of ascorbate ions lsqua46 uM and at pH = 0.3 is five times
lower.
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Figure 73— IR intensity of the/c-o band of Graftfast' PHEMA films (NBDT 0.046 M (1 eq), VC
1/10 eq, HEMA 15 eq, 60 min) according to pH arelnhture of acid used {50, or HCI).

From the previous results, it is obvious that thera strong influence of the nature of the
acid. Therefore, the influence of five differenidscon the GraftfadY process was compared
(Figure 74). Only reactions with HN@nd BSQ, led to the grafting of PHEMA films. These
results could be explained by the introduction iffedent counter-ions according to the acid
used. Indeed, it is likely that some counter-iotabiise more the diazonium ions than others

which influence the ability of the diazonium saltite reduced.
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Figure 74— IR intensity of the/c-o band of Graftfast' PHEMA films (NBDT 0.046 M (1 eq), VC
1/10 eq, HEMA 15 eq, pH = 1, 60 min) accordinghe hature of acid used (HCI, HRHCIO,, HNG;,
H.SOy).
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V.3.5 - Conclusion on the effects of experimental parametsr

The experimental parameters have been optimizatdnspecific case of the grafting of
PHEMA films on gold substrates using NBDT and abwoacid. The thicker PHEMA film in
H,O DI was obtained with:

- a NBDT concentration of 0.046 M,

- tentimes less ascorbic acid than NBDT,

- a 15-fold molar excess of HEMA over the diazoniatt,s

- no bubbling,

- a 60 min reaction time,

- atypical rinsing procedure (B DI, ethanol, acetone rinsing and US 5 min in DMF)

A PHEMA film grafted in HSO, (pH = 2) with those parameters was found approtéima
6 nm thicker than when synthesized in water DI. Eesv, acidic conditions are not adapted for
a mechanistic study (the spin-trap used in EPR rampats is not stable in acidic media).
Therefore, with a view to study the grafting medkan of the Graftfast! process, all the
following experiments will be performed in water.Olo finish, it is worth insisting on the fact
that those optimized parameters are very likelyb&o exclusively adapted to this precise
synthesis (NBDT, VC, HEMA, KD DI and gold substrates).

V.4 - Towards the understanding of the grafting mechanism

The study of the redox-induced process (chapterd¥)well as of the structure of the
PHEMA films already brought information clarifyirthhe grafting mechanism of the polymer
films. However, lots of experimental proofs ardl stiissing. Therefore, the last part of this
chapter on the Graftfd&t process aims at (i) demonstrating the existencedital polymer
chains, (ii) defining the type of grafting involvéad this mechanism, (iii) revealing the role of
the primer PNP layer, (iv) proposing a grafting tremsm in accordance with our experimental

results and to finish (v) discussing its variatemtording to the reducing agent.

V.4.1 - Evidence of the existence of radical growing polymehains

As in the previous chapter, the Graftfdssolutions (NBDT, VC and HEMA in D DI)
were investigated by EPR (using MNP as spin-trap).

A typical EPR spectrum is shown in Figure 75a. fevusly illustrated, the interpretation
of the hyperfine splittings is a powerful tool tetdrmine the structure of the trapped-radicals.
This EPR spectrum is analogous to the one obtamBd2.2.2 (case of the simple reduction of
NBDT by VC) but shows an additional component. $imaulation revealed that the spectrum is
composed of a composite pattern: the main compoiseattributed to aryl radical adducts

(Figure 75b); superimposed on this signal, a spetitorresponding to a spin-adduct coupled

199



Chapter V — GraftfasY process

with only one nitrogen (with a hyperfine splittimgnstant of g= 1.62 mT) is observed. This
latter is assigned to the spin adduct formed by rdection of PHEMA chain propagation
radicals with MNP (Figure 75c).
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Figure 75— a) Typical EPR spectrum of MNP adducts obtaingtie case of NBDT (1 mM - 1 eq)
reduction by VC (1/10 eq) in the presence of MNRéss) and HEMA (1.25 eq) and recorded 2 minutes
after the addition of VC; b) and c) decomposed spaaf MNP adducts of respectively aryl radicald an

growing PHEMA chains. The corresponding spin-adslfimtmula are given on the right.

In order to make sure that the second spin addetectkd corresponds to the spin-trapping
of growing polymer chains, we followed the effe€ttwe introduction of MNP on the PHEMA
grafting by IR-ATR. In comparison to typical Graff" experiments (blue line in Figure 76), a
drop in thevc—o IR intensity of 94 % is registered when the spaptis present in solution
(green line in Figure 76). This result proves tiat polymerization of HEMA occurs through a
radical mechanism. Therefore, it is likely that teecond spin adduct comes from the

spin-trapping of growing PHEMA chains by MNP.
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Figure 76— IR-ATR spectra of GraftfaSt films obtained in presence or absence of an exdfebe
MNP spin-trap (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMS5 eq, 60 min).

The spin-trapping technique cannot give any infdioma on the polymer degree of
polymerization (DP). Indeed, whatever its value $ignal of the spin-adduct remains identical
since only a nitrogen coupling is involved. Moregvas we believe that the radical polymer
chains formed in solution react very quickly witietMNP spin-trap preventing them to react

with HEMA moieties and so to grow, DP are probagaller than in a solution free of the
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MNP spin-trap (conditions of normal GraftfA$treaction). Nevertheless, the existence of aryl

radicals and growing polymer chains during the Gaaf" process is demonstrated.

Various HEMA concentrations were tested and theti@as followed by EPR. As two
different spin-adducts were identified, we studigtk evolution of their concentrations
separately. Numerical simulations were employed dibrspectra in order to determine the

concentration of each spin-adduct: MNP adductstodphenyl radicals and of radical polymer

chains. The results are presented in Figure 77.
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Figure 77— Evolution MNP adduct concentration of a) nitrepil radicals and b) radical growing
polymer chains with time in case of the reactioMdfP (excess), NBDT (1 mM - 1 eq) and VC
(1/10 eq) and the following ratios [HEMA]/[NBDT] 25 (m), 5 (e), 15 (A).

First of all, for some spectra shown in panelsra) ) in Figure 77, we observed a decrease
in the concentration of the spin-adducts. As exgdiin 1V.2.2.2, this can only be relevant to
the spin-adduct reactivity so we will not go intoamtitative interpretations. Indeed, nitroxide
compounds are sensitive to carbonated radicalschwhi this case could be the growing
polymer chains or aryl radicals, to form alkoxyagsn®. All the reactions identified as likely to

occur in this case are represented on Scheme 65.
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Polymerization
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reaction (with NBDT, a reducing agent and HEMApiesence of a MNP spin-trap. ER is an
abbreviation for ending reactions, ST for spin-friag and SAD for spin-adduct degradation.

Back to Figure 77, it seems that when the conceotraf HEMA in the starting solution
increased, less MNP adducts of aryl radicals wenad¢d (degradation due to the reaction with
growing polymer chains, see Scheme 65) and more Mdificts of growing polymer chains
were detected (degradation could also occur bubadlp there is an increase). This is in
accordance with the assumed initiation of the HEptymerization by aryl radicals and an
increase of the polymerization speed with the HE®bRcentration. Indeed, the aryl radicals
participating in the HEMA polymerization initiatiocannot be spin-trapped (they do not
contribute to the aryl radicals MNP adducts sigmna¢reas the growing polymer chains initiated
by those radicals can be spin-trapped and detected)

Over 40 min, the spin adducts concentrations seetmegach constant values meaning
either that they became stable and no more spam@e®rmed, or that their degradation exactly
compensates their production. This phenomenon dmildue to the fact that after 40 min, a lot
less diazonium salt is reduced by ascorbic aciditggto the formation of less growing polymer
chains, that is to say less species able to datheggpin-adducts.

Finally, the whole behavior of the curves obtaif@dHEMA]/[NBDT] = 1.25 is difficult to
explain. We assumed this is strongly related togihentity of reactions involved in the process
described in Scheme 65 and also to the relaties @ftthe reactions. However, the reason why
less and less MNP adducts of growing polymer charesobserved after 20 min whereas more

MNP adducts of aryl radicals are detected remanatear.
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A surface-solution comparison shows that the teogldnighlighted by surface analyses is
corroborated and finds explanation in this EPR ytuddeed, the surface analyses of the
grafting of PHEMA films on gold substrates throutife Graftfast" process revealed the
existence of a critical HEMA concentration valuenr which the PHEMA film thickness
reaches a maximum (cf V.3.1.2). This result is coréd by the following observation from
EPR experiments: the more HEMA is introduced iugoh, the more growing polymer chains
are formed. Moreover, according to EPR measuremémtgimes longer than 40 min, only
negligible amounts of growing polymer chains anmerfed. This result validates the observations
made in V.3.2 indicating that the maximum thickne$sfiim was obtained for a reaction

ranging from 30 to 40 min before rinsing.

V.4.2 - Grafting to/grafting from

As mentioned in the first chapter, grafting methofigpolymer brushes can be split in two
types: (i) ‘grafting td methods (moieties from the solution will grafttorthe surface) and (ii)
“grafting fronf methods (in which the grafting proceeds by polyizetion from the surface).

The kind of grafting involved in the Graftfa¥%tprocess should therefore be determined.

In general, “grafting from” techniques require astfi chemical step to immobilize
polymerization initiators on the surface of the enetls. However, cathodic electrografting is an
exception since it is a “grafting from” techniqué&wno preliminary step. Indeed, in this case,
due to a cathodic potential, there is direct redauodf the monomer in an anionic radical which
can graft on the surface and propagate the ansmtiice centre of polymerization.

Concerning the Graftfalt process, initiators (aryl radicals) are formedsatution and no
external energy is brought to the system to perferndirect reduction of the monomer.
Therefore, it is likely that the Graftfa¥t process occurs via atafting td pathway. This
hypothesis is in agreement with the detection ofmgng or terminated polymer chains by EPR
and SEC. In order to verify this assumption, rotgtidisk electrode experiments were

performed. Indeed, by this technique, Vétlal®

demonstrated that cathodic electrografting
was a Qrafting fronf process. Since uniformly grafted polymer films reeobserved on the

electrode even when rotating, they concluded thafitm was growing from the surface. In the
case of a(rafting td’, chains formed in solution are likely not to beleato access the surface

and graft when the electrode is rotating.

A typical Graftfast" experiment was carried out using a gold rotatimgk delectrode
(non-connected to a potentiostat) as substrateeShe disk is only 2 mm in diameter, it was
only analysed by XPS (Figure 78). When the sulsti@immobile, a PHEMA film with the
same characteristics as those obtained on flat gdbdtrates is formed. However, when it is
rotating, the XPS area of the carboxylate (COO)dbattributed to the PHEMA is divided by
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three. According to the N 1s XPS spectra (not piteskhere), similar amounts of nitrophenyl
groups are present on the gold disk whatever ttaioa speed of the substrate. These results
strongly suggest that the grafting of the polymbains proceediia a “grafting td’ in the
Graftfast experiments. Remaining nitrophenyl groups and mely on the surface of the
rotating substrate could be attributed to the sfzéie grafted molecules. Indeed, the smaller the

compounds, the more they can access the substsieven it rotates.
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Figure 78— C 1s core level spectra of rotating electrodd gesks grafted by Graftfast at a rotation
speed of 0 and 1000 rpm (NBDT 0.046 M (1 eq), VIDIq, HEMA 15 eq, kD DI, 60 min).

V.4.3 - Importance of the PNP primer-layer

According to the very special structure of Graftfddilms (rich in nitrophenyl groups at the
interface film-substrate), it seems that the PNRrglays an essential role in the grafting of the
polymer chains on the substrate.

For once, the grafting experiment was performetvio steps: a first step consisting in the
formation of a PNP layer and a second in which gngwadical polymer chains was formed.
More precisely, in the first step, a thick PNP fimas synthesized in order to completely cover
the gold surface. In the second step, iron powdes added to an acidic solution (HCI 0.5 M)
containing only the HEMA monomer in order to stantadical polymerization. No diazonium
salt (source of nitrophenyl groups) was presentofding to the value of the FéFe redox
potential (E° =-0.44 V), iron powder (unlike adoior acid) can reduce protons in solution
which forms hydrogen radicals able to initiate gfmdymerization of the vinylic monomer. In
order to evaluate the influence of the PNP priraget, the grafting of Sample 1 (achieved after
the succession of those two steps) will be compapethe grafting obtained only after the

second reaction on a bare gold substrate (Samplé2)results are reported in Table 23.
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Table 23— IR intensity of therc-o (1730 cnT) andvyo, (1350 cnil) bands after a®istep leading to a
thick PNP layer and d%step for the PHEMA grafting (Iron 2 g, HEMA 4.8 mHCl 0.5 M 50.2 mL).

Sample 1 Sample 2
1 ' 1 '
I Ve=o Vo2 I Vc=0 Vo2
1step | - L 292% | !
1 l I :
2" step I 10.14% 3.1% I 0.64% -

According to the/\o2 IR intensity value of sample 1 after the firstpsti is obvious that a
PNP layer was grafted on the gold plate. Theny dffte second step the IR spectrum of the
same sample exhibits a characteristic major aisorpind at 1730 cirelated to the PHEMA
carbonyl group. XPS and contact angle analysespfesented here) also clearly indicate that a
PHEMA film was grafted on the substrate. These Itgsattest that the HEMA radical
polymerization was effectively initiated by*HHowever, on sample 2, almost no grafting of
PHEMA is observed. It seems that growing radicaarvhers formed in solution could not
attach on the bare substrate. Therefore, althonghe Graftfast’ process aryl radicals and
growing radical chains are formed simultaneouslysatution, the latter only grafted on the
substrate when a primer PNP-layer is already pteseithe gold surface. This is supported by
already described reactivity of alkyl radicals tods polycondensed aromatic ringsind it
explains why final films are very similar to theamobtained via the electroinduced process
(SEEP). Moreover those results validate the hypmisheriginally given by Mévelleet al® i.e.
the presence of nitrophenyl groups already graftethe surface is essential in the Grafffast

process and confirm that the Graftfdsprocess follows agrafting td' pathway.

V.4.4 - Conclusion on the grafting mechanism of Graftfast” with VC

From all the results presented in this chapterradtigg mechanism of PHEMA on gold
substrate by the Graftfa¥t process using VC as reducing agent can be propasddis
described in Scheme 66. It is important to underlthat this is a simplified mechanism
representing the main reactions leading to the toact®on of the films. Side reactions
responsible for the presence of amino or azo graupise films were voluntarily discarded in
this scheme for sake of clarity, but are detaikspectively in 111.3.1.2 and 111.3.1.3.

Originally proposed by Mévelleet al', the mechanism of the Graftf&$tprocess relies on a
key step which is the formation of aryl radicalst{me 66i) from the VC-induced reduction of
the diazonium salt in solution (widely detailed dhapter 1V). Indeed, those radicals have a
double role. They can graft onto the substratefard a primer-layer (rich in aromatic rings)
essential for the subsequent grafting of polymetirch (Scheme 66ii); meanwhile they initiate
the radical polymerization of the vinylic monomer $olution (Scheme 66iii). Finally, the

growing radical polymer chains eventually graft &ygrafting to” pathway on the aromatic
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rings present on the surface (Scheme 66iv) to farmgrafted polymer films on the gold
substrate.

The reason why the grafting of polymer varies agdiomy to experimental conditions is likely
to be linked to the chemical reduction reactionhgge 66i). Indeed, this reaction forms the
essential aryl radicals but, as mentioned in chidpteit is very sensitive to various parameters
including the pH of the solution and, in the caé¢he reaction working with VC, to the ratio
[VCI/[NBDT].
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Scheme 66- Simplified grafting mechanism of PHEMA onto gaidbstrate by the Graftfa¥tprocess
using ascorbic acid as reducing agent.

V.4.5 - Is there any variation in mechanism with other redcing agents?

As the first step of the mechanism is essentigthéngrafting, it is likely that according to the
reducing agent used, variations in the grafting mmasm can occur. Therefore, the case of

HsPO, and iron powder were quickly investigated.

V.4.5.1 - With K,PO,

Concerning the use of hypophosphorous acid forrélgleiction of diazonium salts, it was
shown that PO, is likely to be the effective reducing agent ($¢€l.3.1). The reduction
occurs through an outer-sphere electron transfiéway which constitutes the first difference
in mechanism in comparison to ascorbic acid. Thisndcal reduction produces aryl radicals
but also HPQ,". According to the Warson’s work (presented in Yth)s compound could be
responsible for the initiation of the polymerizatiof the vinylic monomer which would make a
second difference with the mechanism observed wisémg ascorbic acid. Thus phosphorus-
containing moieties should then be present initiad rafted film.

To confirm this hypothesis, a PHEMA film synthesizey the HPO.-induced Graftfast!
process was characterized by XPS. The C 1s and XPEs core level spectra (Figure 79)
confirm the grafting of a PHEMA layer with featursem nitrophenyl groups. By looking in
details at the P 1s region, no specific signaletected. Although XPS is only sensitive from

1 at.%, these results indicate clearly that no phosis atom is present in the film. Hence, the
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direct initiation of the vinylic polymerization biyl,PO,* could only be a side-reaction. Thus, it
is likely that, contrary to the mechanism propo$edl967 by Warson, aryl radicals are
responsible for the initiation of the radical polmzation of HEMA in solution. Therefore,
except for the reduction mechanism pathway, theftigga mechanism of the VC or

HsPO-induced Graftfast' process are very similar.
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Figure 79— C 1s, N 1s and P 2p XPS core level spectraypiaal H;PO-induced Graftfast! PHEMA
film on a gold plate (NBDT 0.046 M (1 eq)glPIO,, HEMA 25 eq, HO DI, 60 min).

V.4.5.2 - With iron powder
When using iron powder as reducing agent, importan&tions in terms of grafting were
observed according to the acidity of the solutiRasults presented in Table 24 indicate clearly
that the grafting reaction is favored in acidic medin that case. Two reasons may explain that
behaviour: (i) in acidic medium, the surface of ihen particles is constantly renewed by
dissolution of the iron oxides formed upon the wiun of the diazonium salt or the protons;

(i) a variation in the grafting mechanism with thid could occur.

Table 24— IR intensity of theic—o band of PHEMA films obtained by the Fe-induced f@aat™ process
(NBDT 0.046 M (1 eq), Iron 2 g, HEMA 25 eq, HCI Qvbor H,O DI 47 mL, 60 min - non-optimized

conditions).
HCI0.5M H,O DI
| Vc=0 (%) 19.3 0.46
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Indeed, on the one hand, as for thegP@&-induced Graftfast! process, the chemical
reduction of diazonium salts with iron powder oscura an outer-sphere electron transfer
mechanism. On the other hand, unlike the procasg PO, the grafting mechanism of the

iron-induced Graftfast process possibly varies from the one proposed whay VC.

As demonstrated in V.4.3, iron powder is suitableeduce protons in acidic solution which
leads to the formation of hydrogen radicals ablanitate the polymerization of a vinylic
monomer. Such reaction is also supported by therghtson of a lot of bubbles during the
reaction, likely to be dihydrogen from the dimetisa of H® in solution. Therefore, an
additional succession of reactions takes placehéngrafting mechanism of the Graftfast

process when using iron (Scheme 67).
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Scheme 67 Additional reaction involved in the grafting nmemism of PHEMA onto gold su\bstrate by
the Graftfast" process using iron powder as reducing agent.

This variation in mechanism also induces variationthe composition and structure of the
films as clearly shown in the representation ofgredted films in Scheme 67:

- First, unlike nitrophenyl terminated chains, hydrngerminated chains cannot be used
as grafting sites for growing polymer chains. Thtss likely that those films are less
dense than PHEMA films obtained with VC. This hypatis is in agreement with the
fact that, on the contrary to what is observed\f@-induced Graftfast! process (see
V.2.1), a remaining gold signal is still detectedXPPS analysis for films up to 80 nm
thick. Moreover, it could explain why some of tliicknesses and IR absorption values
of PHEMA films obtained with iron powder are nottifig with the line formed by
values obtained with VC on the IR intensity-thickeeabacus established in V.2.6.4.
Indeed, for identical IR intensities, PHEMA filmgrghesized with VC should be thinner
than films obtained with iron powder. As IR intdies are characteristic of the amount
of functional groups in the film, this would medrat iron-induced Graftfat PHEMA
films are less dense than VC-induced ones.

- Second, it is not represented on Scheme 67 but amneo groups are detected in the

films when iron powder is used than when VC is eyet. This could be explained by
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the reduction of nitrophenyl groups in primary aeniby iron in concentrated HCI

mediunt®*4

Summary

The Graftfast” process is a functionalization method leadinghi® formation of polymer
films on a priori any type of materials. It has a wide range of igpfibns since it allows
bringing new functionalities to materials surfaBased on the chemical reduction of diazonium
salts, the better understanding of its grafting mecsm has appeared important in order to

control the process.

First of all, the experimental conditions were optied in the specific case of the grafting of
PHEMA on gold plates using NBDT and VC. It has beemonstrated that, as in the previous
chapter, an excess of diazonium salt over VC wesrifiag the grafting reaction. Moreover, a
compromise on the monomer concentration (actingyrafting and physorption reactions of
polymer chains) had to be found since almost nétiggawas observed when [HEMA] was too
low and a high amount of physisorbed polymer waaiobd for high [HEMA] values. Besides,
for unknown reasons, the grafting of PHEMA does se#m to occur at pH lower than 1 with
this reducing agent and it is sensitive to the matf the acid used. Finally, it has been
confirmed that the thickness of the grafted filnesild be controlled with the reaction time. By
looking in details to the composition of the filnie, their structure but also to the composition
of the reactive solutions, a grafting mechanismdglto the one originally proposed) has been
established. As mentioned in the previous chagherreduction of diazonium salt by VC into
aryl radicals occurs through an inner-sphere aadiransfer pathway. Then, those radicals can
simultaneously graft onto the substrate to fornessential primer-layer and initiate the radical
polymerization of the vinylic monomer in solutidrinally, the growing radical polymer chains
attach on the aromatic rings present on the substoaform the grafted polymer film. Using
Hs;PO, or iron powder as reducing agent, the reductiorchaeism switches from an
inner-sphere to an outer-sphere electron transddmway. Moreover in the case of iron, the
mechanism is a bit more complex than with VC @P@&, since hydrogen radicals from the
reduction of protons in acidic solutions can alsiiate and terminate the polymerization of the

vinylic monomer.

The understanding of the GraftfA$tmechanism makes easier its application to various
systems. However, it is likely that a variationdr@zonium salt - reducing agent - solvent -
substrate - polymer system from the one studiedhia chapter will require a specific
optimization of the experimental parameters. Witlose adaptations, the process is very
powerful tool for the synthesis of surface funcibimed materials. Particularly, the
functionalization of TiQ nanoparticles with a final view to improve thaitdgration in various

environments will be investigated in the last ckapt
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Chapter VI — Functionalization of Ti-based nanoigas$ for their integration in sunscreen products

The development of a nano-object associating alnioveased core, filtering both UVA and
UVB radiation, with a shell bearing active functoonvould constitute an important
breakthrough in the cosmetic field in comparisorptoducts already present on the market of
solar products. The synthesis of such a nanohybatérial is a real challenge and opportunity
for the development of a sunscrésimce:

(i) Unlike all the others products on the market, iulddbe efficient in both the UVA and
UVB domains without addition of any chemical addis (thanks to the properties of
the mineral core);

(i) It would be stable, well dispersed in the matrixyvieonment friendly and bring
additional and original functions (thanks to a daated organic grafting of the mineral

nanoparticles).

The elaboration of a suitable Ti-based mineral Ukerf will not be experimentally
investigated here. Indeed, the synthesis of natiofear is the core research interest of our
partner: the “nanometric structures” group (CEA\RRIS\SPAM\LFP). This chapter reports a
preliminary study consisting in evaluating the fbdity of a polymer grafting on TiQ
nanoparticles. On the contrary of physisorptiorefaya shell covalently grafted on the mineral
core is more likely suitable for such applicati@isce no release of undesired active species
towards the living cells is expected. The Grafffagtrocess has therefore appeared to be a
convenient method for the elaboration of such pelyore-shell on Ti©@nanoparticles. We
will first present the context of the project aruk tscientific issues encountered for the
development of new sunscreen products. We will stimar TiG, and Ti-based nanoparticles
synthesized by laser pyrolysis are good candidatesuch applications. Then, we will present
the currently core-shell nanoparticles. Finally, wiél investigate the feasibility of the grafting
of a biocompatible polymer (PHEMA) by the Graftfdsprocess and give the first results on

the stability of the resulting dispersions.

VI.1 - TiO, and Ti-based nanoparticles in cosmetics

Titanium dioxide is one of the most important iremg products of the chemical industry.
Its most common crystallographic forms are anaf@setastable product obtained at low
temperatures) and rutile (thermodynamically st@pteluct obtained at high temperatures). The
worldwide interest for TiQis due to its exceptional properties. Highly engeld for various
applications such as cosmeti¢garticularly the rutile form for its interestirmptical properties),
pigment industri€s solar celld * and catalysis/photocatalysis for organic pollutant

degradation(especially the anatase form for its photocatalgtoperties), Ti@has also started

 Sunscreen is a term describing any material whicitects the skin from the effects of ultraviolet
radiation.
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Chapter VI — Functionalization of Ti-based nanoigas for their integration in sunscreen products

to be used as films for the immobilization of bidewule$ and as nanoparticles in the field of

hybrid material§™.

Among those applications, we will focus in this jpad on the protection against UV
radiations by integration of titanium dioxide naadples into sunscreens. The reason why it
has become a critical issue in the last few yealsb& presented. The needs to improve
products already commercialized will be identifemetd a dual proposition will be made relying
first on improvements in synthesis methods of Tddwh nanoparticles and second on

modification of the surface of the nanoparticles.

VI.1.1 - Issue of sunscreen products

The correlation between solar exposure and thelal@vent of skin cancer is well known.
UVB (290 — 320 nm) and UVA (320 — 400 nm) exposane responsible for biological damage
such as changes in DNA Particularly, UVA radiations were found to incseathe rate of
melanoma (one type of skin cancer) and they am aighe origin of the production of free
radicals which cause damage to the cells and aponsible for skin ageing and occurrence of
wrinkles. Sunscreen products decrease the penetratiUV radiation in the skin and therefore
DNA damage. Therefore, efficient sunscreen shoubdept not only against UVB (as do most
of them) but also against UVA. Even if the progmassf skin cancer is slowing down, it was
the cause of the death of around 1,400 people @) hew cases of melanoma were detected
in France in 200%°. UVA rays account for up to 95 % of the UV radiatireaching the Earth’s
surface. Although they are less intense than UVEh¢ge 68), they penetrate further into the
skin than UVB and are present with relative eqotnsity during all daylight hours throughout
the yea1r3. However, many sunscreens do not block UVA raaimtilTherefore, in addition to
changing habits (including avoiding exposure betweeon and 4 pm i.e. when UVB are the
most intense and applying regularly an efficienttpction cream), the improvement of the

efficiency of sunscreens for the protection to Uktliation is a real need and still a challenge.

UVB-screening Broad-spectrum

No protection sunscreen sunscreen

j| Epidermis
Dermis

:| Subcutaneous
layer

Scheme 68- Penetration depth of UVA and UVB in the skin@rtting to the protection us€d
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The formulations of current sunscreens contain d@rent types of UV filters: mineral
filters (such as titanium dioxide, zinc oxide) acldemical filters (classified either in UVA
filters e.g. benzophenones or UVB filters, e.gicgétes). The sunscreen products of interest
for this study are composed of Ti@anoparticles. Indeed, unlike conventional Jgarticles
which scatter visible light (sunscreen productstammg such particles remain visible as a
white film when applied on the skin), non-aggredatanoparticles (20 — 50 Ajrscatter very
little visible light and therefore appear transparevhich makes them very suitable in the

cosmetic field (Scheme 69).

uv uv
partially Low light scattering partially Light scattering
blocked (transparent film) blocked (white film)
absorption absorption
band) band)

Scheme 69- Effect of particles size on light scatterihg

Besides, TiQis an interesting material for such applications tb its optical properties. As
represented in Scheme 70, it absorbs below 41lawmmithnium dioxide in a rutile phase
(bandgap energy: 3.0 eV) and 384 nm for an angtiaase (bandgap energy: 3.2 eV) i.e. in the
domain of UVB and UVA radiation. Nevertheless, dd#ion to the fact that the absorption in
the UVA region is only partial concerning anataseppears that the absorption coefficient of
UVA by TiO, nanoparticles is very low whatever the phase. dbee, in order to get
sunscreens protecting efficiently against UVB (#gato TiQ,) but also UVA, in many cases
chemical products are added in the cream. Howegeent studies showed that such chemical
filters can be harmful for the environment (for tarsce playing an important role in coral
bleaching®) as well as for human healthIn this context, intensive research concerns the
development of different ways to shift the opticglp of TiQ and Ti-based nanoparticles
towards lower energies (below 3.0 eV) to extendUkeabsorption zone of the mineral core to
the visible (described in VI1.1.2.2) and to remokie themical filters used in the commercial

creams.

Wavelength (nm)

260 290 320 400 700
< Rutile
Anatase

Scheme 76- Absorption of UV and visible light of rutile arahatase phases of TiO
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Cosmetic creams are emulsions combining an orgphase (fatty esters or alcohols,
paraffin oil or triglycerides) and an aqueous phaSerrently used particles, which exhibit
highly hydrophilic surfaces, tend to concentratehia aqueous part of the emulsions, which
plays a significant role in the alteration of theogerties of the sunscreen formulation.
Therefore, a second challenge in the developmemewaf UV filters lies in the synthesis of
coated nanoparticles to obtain stable dispersions.

The tailoring of the surface chemistry of nanomgdet seems to be a key parameter in this
context. More stable dispersions are likely to leached by the synthesis of core-shell
nanoparticles. Particularly a mix of hydrophilicdahydrophobic particles prepared separately
or the synthesis of amphiphilic particles couldbgize the biphasic mixture. Moreover, the
coating step could also be a way to bring additiama original properties to the nanoparticles
such as moisturizers (titanium dioxide nanopamicighich have high specific surface, induce
dehydration problems), antioxidants (UV radiatiorauses oxidation reactions) and
restructuring. This could turn out to be very prsimg since it would lead to sunscreens free of
chemical additives. The coating of the Ji@anoparticles could also appear essential siree th
main problem of mineral sunscreens is their paaéptiotocatalytic activity. Indeed, the energy
absorbed by the inorganic materials can induceptbduction of free radicals which in turn
may promote the degradation of other componentimihe sunscreen formulation. As already
employed in Ti@based commercial sunscreens, the coating of paticles by an inert and
passivating shell might be required to limit fresical generation and partially quench the

photocatalytic activity of the mineral filter.

To sum up, in the context of preventing skin capndeseems that the development of
organic/inorganic hybrid materials could be a feaakthrough. Properties of such materials
clearly derive from the addition of both parts lo¢ hybrid:

- The function of the nanoparticles will be the potien of skin against UV-light

(efficient against UVA as well as against UVB),

- The function of the organic shell, obtained by aper chemical functionalization, will
be the improvement of the stability of the proditsthiocompatibility, even a healthcare
action and potentially the limitation of the phatalytic activity of the nanoparticles.

Therefore, in the next parts, we will first see #xisting synthesis methods for the formation
of TiO, nanoparticles and particularly how the laser pygisl process is likely to play an
important role in the improvement of the UV-filtproperties of the Ti-based nanoparticles.
Then, we will deal with the current synthesis medo obtain core-shell nanoparticles

(especially with polymeric coatings).
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VI.1.2 - TiO, and Ti-based nanopatrticles

To extend the UV protection range of fi@nd Ti-based nanoparticles, the gap of the
material has to be shifted towards lower energmapared to currently used TiQrutile:
3.0 eV and anatase : 3.2 eV). This is likely taabkieved by changing slightly the composition
of the nanoparticles during their formation. Theref prior to describe the possible ways to
shift the band gap of the material, the synthesathods of TiQ nanoparticles will be briefly

presented with a strong emphasis on laser pyrolpsigess of interest in the project).

VI1.1.2.1 -Synthesis methods
Numerous methods were developed for the synthdsisQy nanoparticles, which can be
classified in chemical or physical methods. Du¢ht® very high number of papers in the field,

only a very succinct presentation will be givenener

For the production of Ti@materials, liquid phase synthesis methods (coipitation'’,
solvothermaf or hydrothermal methods, electrochemical synthesisgel synthest$ 29 are
efficient and versatile. Ti©nanoparticles could also be synthesized by higbrgsn ball
milling?’. However, all these processes suffer from the sdmaeback: powders are produced
by batches (whereas methods allowing continuoudyatton are often preferred for industrial

developments).

On the contrary, combustion as well as laser pgislpelong to the family of gas phase
methods working in flow meaning that the collectishnanoparticles does not occur in the
reaction zone, which allows continuous producti@ombustion has been developed for years
for the synthesis of TiQnanoparticles for reseaféh?® and is the method used for ton
production of common commercial powders (for examnpvonik Degussa P25 from
combustion of TiC)). Laser pyrolysis has also been used in resealrdtories for production
of TiO, nanoparticles (see for example Maskrot's WorkSince it is the synthesis method of

the nanoparticles used in this chapter, its priecimd advantages will be detailed below.

Laser pyrolysis in more details

As represented on Scheme 71, the laser pyrolydisatiés based on the interaction in cross
flow between a high power GQaser beam and gaseous or liquid precursors (ynatahium

tetraisopropoxide TTIP for Tignanoparticle synthesis).
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Collection of the

nanoparticles

Reaction zon ‘
) | =

-t
Laser
(
3
===

Reagents
gas or liquid

Scheme 71 Reactive zone in laser pyrolysis process useth&continuous synthesis of THO
nanoparticles.

The precursors are introduced in the reactor thr@ugylindrical nozzle and are confined in
a laminar flow by a coaxial flow of neutral gas @vhprecursors are liquid they are introduced
in the form of aerosol or vapor). The working pressis constant and regulated through a valve
controlling the pumping system. The pyrolysis reacbccurs with appearance of a flame at the
intersection of the precursor flow and laser beasulting from resonant energy transfer from
laser to one or several components of the reantaditire which are dissociated. Nanoparticles
are formed through homogeneous nucleation and gyogollisions. The reaction is confined in
a small volume by argon gas and therefore pollutioa to interaction with the reactor cannot
happen in this "wall less" reaction. When leavidge tflame, the growth is quenched.
Nanoparticles are collected on porous membranestats in the pumping system. The main
drawback of this technique lies in the compositidrihe reactive mixture of precursors which

has to contain at least one component absorbiniRth@diation of the laser.

Laser pyrolysis is an original synthesis technifuditanium oxide nanopatrticles. It appears
as a highly versatile method for the continuougtsssis of extremely pure and small particles
with a narrow size distribution. The variable cdiwtfis of reaction (temperature, pressure, flow
rate, composition of the solution of precursors..r¢ @lso an advantage as they allow

synthesizing size-controlled nanoparticles withcpeand original composition.

VI.1.2.2 - Shift of the optical gap towards lower energy
The most explored idea in order to shift the gaphef TiO, nanoparticles is to incorporate
heteroatoms such as”INC®, S or F®. Another way is to use suboxide species ;Li@s
widely described in the literatfe In this very active field, the laser pyrolysis asvery

attractive synthesis method.

218



Chapter VI — Functionalization of Ti-based nanoigas$ for their integration in sunscreen products

By this method, doped Tihanoparticles are easily obtained in a one-stagticet* * by
simply mixing the precursors containing the dopavith the titanium precursor before the laser
irradiation. For example, Maskret al** presented the synthesis of complex products ssich a
TiO, nanoparticles decorated with metallic particleallgaium, platinum and silver) while
Pignon et al®® demonstrated the insertion of heteroatoms suchNam the structural
organization of the nanoparticles (through the @mldiof NH; in the reactive mixture). The
insertion of N allows shifting the gap in the zasfenterest for this projett as represented on
Figure 80 (red and blue spectra) and improveslikeration coefficient of the material as it has

already been demonstratéd®.

Absorbance (a.u.)

N-doped anatase

T T T N 1 N 1 N 1 N
300 400 500 600 700 80C
Wavelength (nm)

Figure 80— Absorbance spectra of various Ti-based nanapest{rutile, anatase, N-doped anatase, TiO
and N-doped TiO) synthesized by laser pyrolysis.

Another possibility to shift the optical gap is t@btain new metastable titanium oxide
phase¥. By working at high temperature (high laser povael in presence of a reducing agent
(NH3z which is also partially incorporated in low amaainh the powder), stable powders
containing a crystalline TiO phase have been sgmhd as confirmed by the XRD diagrams

presented in Figure 81 (green spectrum).
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Figure 81— XRD diagrams of N-doped TiO before and aftef@°® annealing under air. References are
JCPDS: TiO 077-2170, Anatase 021-1272 and Ruti&276.
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This original structure is polluted by carbon cogiidrom the titanium precursor
decomposition. Carbon is removed while maintainihg TiO organization by simple soft
annealing treatment under air. However, as illtstrdy the blue spectrum in Figure 81, it can
be noted that the annealing leads to the oxidaifaam small part of TiO and that the resulting
powder exhibits a strong shift of absorption tovgate visible range (purple spectrum on
Figure 80).

Work is currently in progress to fully understaritk tdetailed process leading to such
material and the origin of the shift observed ia tptical gap but also to correlate the evolution
of optical gap with stoichiometry, local organipatiand crystallizatioR. However, thanks to
its original structure, TiO-based nanoparticlesadie show an extended absorption range
(corresponding to a large shift of the optical gdparound 1 eV toward the visible ranife)
giving thus a full filtering of the UVA and UVB. Wlave no knowledge of a gap shift as large
as this one in the literature. For comparison, EgB2 gives the UV absorption profiles of
several commercial products including Optisol™ ifoked as the best Tibased filtering on

the market).
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Figure 82— Absorption profiles of Optis®l and other competitor materiils

The potential health effects/hazards of Opils@h comparison with other commercially
available titanium dioxide nanoparticles were tedig Parket al'’. The authors came to the
same conclusion as those expressed in the Nandgeahreport® which states: “...we do not
expect any health effects for the topical applaratf sunscreens containing Li@anoparticles
(especially when coated) on healthy skin which agtated to the particulate state”.
Nevertheless, as deeply discussed in the work gpdBe et all, the penetration of TiO
materials in the skin, their role in the generatarhighly oxidizing radicals as well as their
capacity to induce DNA damages have also been wisteldied but no clear conclusions was

obtained.
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VI.1.3 - Core-shell nanoparticles

Current commercial sunscreens are mixtures ob pebticles coated by an inert shell with a
polymer matrix that contains, in particular, thaliéisles required for UVA screening. Indeed,
the synthesis of an inert capping of the Fi@noparticles has appeared as a major issue
considering the potential photoactivity of the Ti&dre (especially photocatalysis for an anatase
TiO, phase) or a possible bad tolerance of the skithéomaterial. This core-shell structure
prevents any contact of the TiGanoparticles with the skin making the shell asta
photoactivity shield. Encapsulation of Ti@anoparticles in inorganic substances (especially
SiO, since silica is biocompatible, has low cost anttirfd@brication process) was performed by
well-established processes (for instance polyalgtas® and sol-géf). For organic/inorganic
nanohybrid structures, it can be obtained by usirtgo-step method consisting in performing

classical siloxane chemistry followed by typicalywoer grafting® *

For other applications than sunscreens, severabagpipes concerning the direct grafting of
polymer onto TiQ nanoparticles have been reported in the literatsueh polymer shell could
on its own play a double role: isolate the Tidre from the skin to limit the photocatalysis of
the material (replacing Sg&apping) and be a primer layer for the attachroéaidditives. For
instance, the radical graft polymerization of vimppnomers was successfully achieved on the
surface of TiQ nanoparticles by employing radiatf@rhigh frequency discharge plasthar by
introducing trichloroacetyf, azd* ** or peroxyestéf initiating groups in order to initiate the
polymerization. The grafting of TiChanoparticles was also reached using usual poigatiem
initiators with a prior grafting of coupling agents the nanoparticles such as acrylic acid
chloridé® butyltitanat&’, phosphorus-containing compoufd® or more commonly double
bonds-terminated silyl produéfs*” *® Most of the cited works focused on the graftirfg o
methacrylate polymers (in particular poly(methylthaerylate) PMMA). Few teams dealt with

g 4345 poly(ethyleneterephtalate) PETor poly(tetraethylene

the grafting of poly(styrene) B
glycol malonate) PTEGR according to the applications of the final nanoposite. However,
all those polymerization processes, already sufidgssised for the surface modification of
TiO, nanoparticles, going from free radical polymeiima *“* *’ (including controlled ones
such as SI-ATRB, RAFT*® > or NMP*) to in situ polycondensatiérf generally involve: a
two-step reaction or long reaction time or heatingling or controlled atmosphere or organic

solvents.

V1.2 - Grafting of Ti-based nanopatrticles by the Graftfast™ process

To improve stability and control the dispersion ®fO, nanoparticles in various
environments, the organic modification of the scefaf the nanoparticles could be efficient

since it would help preventing aggregation of tletiples and improving their affinity for
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solvents. Our proposal here is to rely on a covajeafting process to functionalize the surface
of the nanoparticles with a stable and robust pelyshell to obtain stable and long living

dispersions which could be used in sunscreen pteduc

Let us remind that a solar cream is a biphasic somland the UV filter (i.e. the
nanoparticles) must be equally dispersed in theaag phase as well as in the oily phase. To
achieve a stable emulsion, it could be necessagyatd hydrophobic functions (e.g. fatty ester)
giving the dispersion in the oily phase as welhgdrophilic functions (e.g. polyol) giving the

dispersion in aqueous phase.

The use of the Graftfd8t process seems suitable for such purpose. Indédd, viet
chemistry and an environment friendly process.ds lalready been successfully applied to
various nano-objects such as carbon nanotubestaaldo allows the grafting of polymer
mixtures and copolymers which is convenient for tiplé functionalizations of the

nanoparticles.

As mainly investigated and employed on flat sulbstiavarious improvements for the
grafting of Ti-based nanopatrticles will however éde be brought to this process particularly

regarding the individual functionalization of tharficles and their purification.

First, in this part, we will present a preliminatydy aiming at showing the feasibility of the
grafting of Ti-based nanoparticles by a polymerisTivork will be mainly performed using
N-doped anatase Tihanoparticles synthesized by laser pyrolysis 6f#93 nm in diameter
(size measured by XRD)Although those nanoparticles have potentially tetpcatalytic
activity, no inert shell will be synthesized priorthe polymer grafting. Indeed, we believe that
the grafted polymer could play the same role as thert shell i.e. preventing any contact
between the nanoparticles and the skin cells. Théimg of poly(hydroxyethyl)methacrylate
(PHEMA) onto those nanoparticles will be investeghince from previous studies we have a
deep understanding of the grafting of this polytmgrthe Graftfast! process. Moreover, it is
biocompatible and it is likely to keep the hydrdjdiity of the nanoparticles.

Second, the efficiency of the polymer grafting tsure good dispersion and stability of

nanoparticles in water will be tested.

® Adjustments of the experimental parameters of thaftigg were initially performed on

commercially available Ti@nanopowder Evonik Degussa P25 (80 % anatase aftl 2Qile) with a
mean diameter of 25 nm. TEM images of those naticfes will be presented since the corresponding
characterisations on the N-doped Ti-based nanefesthave not been made yet.

Even if N-doped TiO is the final material of intetan this study, tests on the feasibility of the
grafting were carried out on N-doped Tpi@anoparticles since it is an abundant materiag giafting of
N-doped TiO nanoparticles was also achieved butnetl be presented here since preliminary resudts a
similar than those on N-doped TiOhanoparticles but these powders have not beenfuligt
characterized.
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VI.2.1 - PHEMA grafting on N-doped TiO, nanoparticles

Similarly to experiments performed on planar swdies, the concentrations in the various
reactants were: [NBDT] = 0.046 M (1 eq), [VC] 1/4§, [HEMA] 15 eq. Typically, we worked
on TiO, dispersions of 0.8 mg/mL (with a final solutionlwme of 10 mL). However, to be
suitable for the grafting on nanoparticles, thecpes required some adjustments.

First, ultrasonication (US) was used to maintagoad dispersion and avoid aggregation of
the nanoparticles both before and during the reactdn the contrary of the observations of
Pinson and cofi? regarding the grafting of diamond nanoparticlesiiutral or acidic media
using US, we found that, in our case, US was notrituting to the grafting process. Therefore,
we concluded that only the typical parameters ef @raftfast" synthesis (reducing agent,
solvent, reaction time, concentrations...) coulduefice the reaction.

Unlike planar substrates, nanoparticles could moeésily removed from the solution after
the desired reaction time. Therefore, another nuwatibn when compared to the classical
reaction lied in the method for stopping the reactifor purifying and collecting the
nanoparticles of the Graftfa¥treaction. Indeed, in this modified protocol, aurak of ethanol
corresponding to at least the initial volume of tieactive solution was added to stop the
reaction. The suspension was then washed by a @wriftgation — redispersion cycles
(3000 rpm for 20 min) first with ethanol to remov¥eee polymer chains and unreacted
monomer, then with dimethyl formamide (DMF) to remothe ungrafted polyphenylene
moieties and finally with water to eliminate DMFftérwards, the solvent was eliminated and
the TiQ, nanoparticles treated with the Graftfdsprocess were either dried in air for a few
hours or redispersed in a solvent according toctieracterization aimed. Since the particles
were rinsed by US in good solvents of the polyrtieg,remaining polymer at the surface of the

nanoparticles is considered to be strongly grafted.

To evaluate the feasibility of the grafting of PHENN N-doped TiQ nanoparticles, the
coating, the composition and the chemical structfréhe nanoparticles were investigated.
Thanks to the determination of the amount of PHEMAhe grafted nanoparticles as well as an
estimation of the polymerization degree of the t@afpolymer chains, the surface coverage of
polymer on the nanoparticles was estimated. Findlg influence of the grafting on the

morphology of the nanoparticles was examined.

VI.2.1.1 -Characterizations of the core-shell nanopatrticles
The N-doped Ti@ nanoparticles (blue spectrum in Figure 80) graftétt PHEMA by the
Graftfast™ process were first studied by infrared spectrogc®peir IR spectrum is compared
to the corresponding untreated Fi@anoparticles (N-doped TiDin Figure 83. The untreated
N-doped TiQ nanoparticles only absorb at 33407%tifwhich corresponds to the stretching

vibration of the surface hydroxyl groups or the apsion of water), at 1640 cin(zoom in
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Figure 83) which can be attributed to the bendiiyation of the H-O-H bonds of adsorbed
water and show a strong and broad peak in the 80G61" region corresponding to the lattice
vibrations of TiQ nanoparticle¥. In the grafted N-doped TiQproduct (GF- N-doped Ti{), a
new peak at 1717 chappears. It is due to the stretching vibratiol©eD groups contained in
the polymer indicating the presence of grafted PAEbto TiO, nanoparticles. Moreover in
accordance with the mechanism widely discussed e fprevious chapter, the
GF- N-doped Ti@ spectrum (magnification in the 1000-2000tmegion in Figure 83) also
exhibits two weak absorption bands at 1525 and t&5bwhich are attributed to, respectively,
the asymmetric and symmetric stretching of aryl,Nfboups, characteristic of nitrobenzene
moieties. However, the weak peak at 1600 ¢ypical of the presence of phenyl groups cannot
be clearly identified. Only a shoulder in the peatk 1640 crit (absorption of the TiQ

nanoparticles) is observed.
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Figure 83— IR spectrum of the PHEMA grafted N-doped Ti@anoparticles (GF- N-doped TiO
compared to the corresponding untreated nanopestigith a zoom in the 1000-2000 ¢megion.

The IR comparison in Figure 84 shows a good coomgpnce between the new bands
present in the GF-N-doped TiGspectrum and the characteristic bands of a comaterc
PHEMA particularly at 1720 cth (stretching vibration of C=0O groups) which confarthe
grafting of PHEMA onto TiQ nanopatrticles.
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Figure 84— IR spectrum of the PHEMA grafted N-doped Ti@anoparticles compared to commercial

PHEMA (20000 g/mol).
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XPS analyses were also carried out in order toicarthe efficient grafting of PHEMA onto

N-doped TiQ nanoparticles. First, Figure 85 shows typical syrécans of untreated and

grafted N-doped Ti@nanoparticles. Unlike the C 1s peak (centred &te28), the main Ti 2p

and O 1s peaks (centred at respectively 459 ande®3Care attenuated in the spectra of the

grafted nanoparticles, with respect to the prisomes. This is a first XPS evidence of the

occurrence of a coating.
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Figure 85— Typical XPS survey scans of untreated and PHEJvafted N-doped Tig respectively
noted N-doped Ti@and GF- N-doped Ti©

To investigate the chemical composition of the icgatXPS analyses in the C 1s region

were performed. A typical C 1s core level spectminuntreated N-doped TiOnanoparticles

(Figure 86) is composed of three main peaks. Thst Gontribution adjusted at 285.0 eV
corresponds to C-C/C-H bonds. The peak at 286.%sefue to -C-O- or/and -C-N- simple
bonds. The last peak at a higher binding energ®.828V) is assigned to carboxylate groups

COO.
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Figure 86— Typical XPS C 1s core level spectrum of untreaed PHEMA grafted N-doped TiO

respectively noted N-doped Ti@nd GF- N-doped Ti©

All those contributions in the C 1s spectrum asssically observed and attributed to surface

contamination of pristine TiO nanoparticles. The C 1s signal of GF- N-doped ,TiO

nanoparticles (Figure 86) is different from the @ifepristine nanoparticles. The peak-fitting
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parameters of functional groups in the C 1s regiwa summarized in Table 25. The
contributions of C-O/C-N simple bonds and carbote/lester groups O-C=0 are higher in the
GF- N-doped TiQ than in the untreated nanoparticles. This is dught presence of the
characteristic groups in the grafted polymer whmnfirms the grafting of PHEMA on
N-doped TiQ nanoparticles.

Table 25— Contribution (in %) of functional groups to Cregiion from untreated and PHEMA grafted
N-doped TiQ (respectively noted N-doped Ti@nd GF- N-doped Tig).

C-C/C-H C-0O/C-N 0O-C=0
(285.0 eV) (286.5 eV) (288.8 eV)
N-doped TiO, 81 11 8
GF- N-doped TiO, 77 12.7 10.3

The N 1s core level in untreated and grafted,i@noparticles was also analysed. Figure 87
reveals that both types of nanoparticles contamogen which is not surprising since they were
doped with this element. Unfortunately, the two cipe are very similar. In the pristine
nanoparticles, three peaks at 399.4 eV, 400.3 eM48i.8 eV are observed and are assigned to
the doping and surface contamination of the narigpes. It is very difficult to attribute
accurately those peaks to functional groups in riheoparticles. However, regarding the
spectrum of the GF- N-doped TiOve assume that the observed peaks can be assigttes
same way as when considering the grafting of poiyiias on flat surfaces (see the previous
chapters for more details). Therefore, the firstkpat 399.3 eV is likely to correspond to NH
groups, the second peak at 400.2 eV is assignddhtbbonds (azo groups) while the third peak
at 401.8 eV is attributed to NH Obviously, the likeliness of the species presenthe surface
on both the pristine and grafted nanoparticles rf@s)iammoniums) prevents an unambiguous

use of the N1s XPs analysis.

The main difference between those two spectra tiesless lies in the attenuation in
intensity of the N 1s signal of grafted nanopagsdin comparison to untreated FiGuch as for
the Ti 2p and O 1s signals, this phenomenon coelldxplained by the presence of a coating at
the surface of the grafted nanoparticles. Indeed,td this shell, the core of the material as well
as its surface would be less probed during the Xibysis and therefore the N 1s signal would
decrease. Moreover, unlike carbon, only low amowtsitrogen are brought by the polymer
film (N/C = 2 % in a 35 nm PHEMA film on a planar gold substyawhich possibly do not

compensate the attenuation of the signal due todagng.
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Figure 87— Typical XPS N 1s core level spectrum of untréated PHEMA grafted N-doped TiO
respectively noted N-doped Ti@nd GF- N-doped Ti©

Finally and surprisingly in the grafted nanopagsg;ino peak around 406 eV standing for the
presence of NOgroups from nitrobenzene moieties in the film t@nobserved in Figure 87.
The absence of Nzontribution could be explained either by theimpbete degradation into
amine due to exposure to X-ray irradiation durihg XPS analysis (see 111.3.1.2) or by an
unclear action of the N-doped Tianoparticles. Indeed, in parallel to the graftofgthe
nanoparticles of interest, other types of Ti-basadoparticles with various anatase/rutile ratios
were grafted including N-doped TiO nanoparticled andoped Ti@nanopatrticles. In a general
way, we observed that, in contrast to all the Neatbmanoparticles (Figure 87), the N 1s
spectrum of grafted undoped TiQ-igure 88) displays a component at a higher bip@inergy
(405.9 eV) assigned to nitro groups which cleadyndnstrates the presence of an organic shell
grafted onto the Ti@nanoparticles. Therefore, there is a possibleuhakplained involvement

of the nature of the nanopatrticles in the reduatibtie nitro groups into amines.
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Figure 88— Typical XPS N 1s core level spectrum of untrdated PHEMA grafted undoped TiO
(85 % anatase, 15 % rutile), respectively noted, Bi@l GF - TiQ.

To summarize, thanks to IR and XPS analyses, we Hamonstrated the successful grafting
of a PHEMA shell on N-doped Tihanoparticles. The analyses have also confirmadttie

composition of the grafted film is very similar the one obtained for PHEMA films on flat

227



Chapter VI — Functionalization of Ti-based nanoigas for their integration in sunscreen products

surfaces which validates the grafting mechanisnpg@sed. To go further in the study of the
polymeric shell, we will now focus on the estimatiof the surface coverage of polymer chains

on the nanoparticles surface.

VI.2.1.2 -Estimation of the surface coverage of the nanopladi
To evaluate the grafting density of grafted Ji@anoparticles, we will combine an
estimation of the degree of polymerization (DP}ref polymer determined from XPS with an

estimation of the amount of polymer grafted onrthaoparticles.

For the estimation of the DP of the grafted polynveg used the technique based on XPS
data described in V.2.7.2. Typically, the areaordietween carbonyl groups from the polymer
and amino/nitro groups from the aryl moieties ledan estimation of the DP of the polymer.
As previously mentioned, the XPS spectrum of N-diop&, nanoparticles does not display the
characteristic component of N@roups. Therefore, undoped Li@anoparticles were used for
this study. However, since the pristine nanopasichiready show a large peak at the same
energy as amino groups (Figure 88), we only todd account the area of nitro groups in the
calculation. Therefore, it is very likely that weesestimated the DP value. The observed XPS
carbon-nitrogen ratio, i.e. (C=0)/(NY? allowed us to estimate a degree of polymerizatb
grafted PHEMA chains of 38 + 20 units.

Then, thermogravimetric analysis was used to es#irtiee amount of polymer grafted on the
undoped TiQ nanopatrticles surface. Figure 89 shows that tiymmy starts to decompose at
250°C and is completely decomposed around 500F@e observed weight loss from 200 to
500 °C indicates that the grafted polymer represdm6 wt.% of the GF-TiOnanoparticles
total weight. From this result, the number of répepstructural units composing PHEMA on
the surface of TiQ nanoparticles can be estimated. Disregarding phignyl moieties
composing the coating, assuming that Jim@noparticles are individual, that the weight loas
entirely be attributed to the degradation of thiymer and considering that Ti®anoparticles
have a density of 3.9 g/émwe calculated that the TjOnanoparticles are covered by
1.5 + 0.4 units/nfin average. However, in this calculation, we al&b not take into account
the aggregation of the nanoparticles which coulovigle a higher value. To conclude, TGA

gives an average coverage ratio of 1 to 2 HEMAsupér nr,

¢ The data are only given from 200 °C since at lowemperatures the weight of the sample

fluctuates. These variations, always reported wigng this TGA apparatus, come from the introdurctio
of the argon flow in the system which leads to larmy on the sample and occur until equilibrium is
established.
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Figure 89— TGA of pristine and PHEMA grafted (GF-Ti0TiO, nanoparticles (85/15 anatase/rutile).

This result is in agreement with the low graftirendity of polymer chains already indicated
by XPS from the attenuation (but not complete ettim) of the Ti 2p signal in the survey
scans of grafted nanoparticles (Figure 85) as wasllthe estimated polymer length of
38 £+ 20 units. Combined together, the two estinmgtidetailed above indicate that there are
approximately 1.5/38 = 0.04 polymer chains composeda. 38 monomer units per square
nanometer grafted at the surface of the undoped MaDoparticlés Therefore we showed
evidence that the polymer is not grafted at fulface density on the nanoparticle.

V1.2.1.3 -Morphology of the grafted nanoparticles

Finally using TEM, we tried to observe the graffmlymer around the nanoparticles. The
comparison between untreated P25 Ti@noparticles (Figure 90a) and the corresponding
grafted nanoparticles (Figure 90b) can neither destnate the presence of the polymer grafting
around the nanoparticles nor lead to a conclusiothe effect of the grafting on the prevention
of the nanoparticles aggregation. Thus, we dedidagkgatively stain the TEM grid containing
the PHEMA grafted P25 Tifhanoparticles to enhance electron contrast bettfeepolymer
and the nanoparticles. The result of the staininghiown in Figure 90c. The dark grey areas
correspond to the polymer which coats the nanapesti Therefore, these TEM pictures
demonstrate that the polymer was successfully epfafinto the Ti@ nanoparticles. It also
shows that the morphology of the nanoparticles nesnelatively unchanged after grafting.

50 nn
Figure 90— TEM images of a) untreated P25 Fitanoparticles b) PHEMA grafted P25 5iO
nanoparticles and c) PHEMA grafted P25 JTi@noparticles negatively stained with uranyl aeeta

¢ Considering the approximations made, this valuiiédy to be overestimated.
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VI.2.2 - First test on the stability of the TiO, dispersion

The primary purpose of the grafting of the nanaps is to enhance the stability of their
dispersion in their environment of use. Therefte,first test consisted in evaluating the effect
of the PHEMA grafting on the stability in water af dispersion of grafted N-doped BiO
nanoparticles. This experiment was performed uaitigrbidimeter. The measurements of the
intensity of the transmitted light over the entigght of the flask containing the nanoparticles
suspension with time give information on the sitbdf the dispersion.

The turbidimetry graphs recorded for two days im ¢hse of dispersions in water of pristine
and PHEMA-grafted N-doped Tihanoparticles (4 mg/mL) are reported in Figure 91.
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Figure 91— Turbidimetry scans for untreated and PHEMA g@fN-doped TiQ@(a scan every 2 min in

the first half hour and then a scan every 30 mirRfdays; only one in two scans are displayedtfer t
sake of clarity; start scan: purple and end scadf). r
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Concerning ungrafted nanoparticles (N-doped,Ji@e observed a faster increase of the
light transmission at the top of the flask thathat bottom over the two days of analysis. This is
classical of the sedimentation of Ti@anoparticles from the top towards the bottomhaf t
flask. Therefore, the suspension of pristine N-dbop&, nanoparticles is not stable at all over
the two days of analysis. We believe that if camgybut the analysis for a longer time, we
should reach a transmission close to 100 % evemegvhe the sample. Regarding the
PHEMA-grafted nanoparticles, the behaviour is vdifferent. The transmission increased
homogeneously and constantly along the flask (exaefhe bottom where the transmission is
always higher than in the rest of the susperisidkfter two days, the transmission seemed to
reach a stable maximum of transmission (80 % inntiddle of the flask). The reason why all
the transmission values are higher in this case foa the pristine nanoparticles will be
explained further.

In order to compare precisely the two samples, datag the evolution with time of the
transmission at three different heights of thelflasre extracted (Figure 92).
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Figure 92— Transmission of the suspension in water (4 mg/ofluntreated (dashed lines) and PHEMA
grafted N-doped Ti@nanoparticles as function of time and the positibthe measurement in the sample
(bottom: blue lines, middle: green lines and tappte lines).

First of all, from the three curves representedlashed on Figure 92, the phenomenon of
sedimentation from the top to the bottom of theKlas well as the instability of the suspension
of pristine N-doped Ti@ nanopatrticles are obvious. Contrary to this disiper we clearly
noticed that, whatever the analysed part in thept@nthe suspension containing the grafted
nanoparticles evolves rapidly in the first 5 minaofalysis and then very slowly after, reaching a
quasi-stable transmission value. Therefore, weebelithat if we could decrease the

concentration in nanoparticles down to the one eimz after the two days of analysis, we

® The transmission intensity values over 100 % @dhse of the grafted nanoparticles, at the end of
the measurement at the bottom of the flask, remmaéxplained.
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would obtain a more stable suspension with timewéi@r, if the transmission values of the
GF- N-doped TiQsuspension are already fairly stable with timer@ase of 30 % transmission

in the middle of the flask instead of 70 % for Npéd TiQ), they are always higher than for the
suspension of pristine nanoparticles. We assumettima phenomenon is not related to the
stability of the suspensions and could be explabethe following reasons:

- A possible difference in TiQnanoparticles concentration between the two sanple
Indeed, the untreated and grafted nanoparticleg Wepersed at 4 mg/mL in water.
However, the mass of polymer grafted nanopartiddsgher than for the pristine ones.
Therefore, it is likely that less Tikhanoparticles are present in the suspension &iedgra
nanoparticles, hence a higher initial transmissalne.

- An effect of the agglomeration of the nanoparticlks represented on Scheme 69, the
more agglomerated the nanoparticles or the bigtex, more they scatter light.
Therefore, the less they transmit it. Thus, if pinstine nanoparticles are initially more
agglomerated than the grafted ones, they shouldrri less light.

- An effect of the polymer shell. Tihanoparticles are already highly hydrophilic doe t
their important amount of OH groups on their susfatt is likely that the polymer
grafting masks those functional groups and do mahgba sufficient amount of
hydrophilic groups to compensate this coverage.edeer, the GraftfaSf process does
not lead to the grafting of homopolymers but oftist&al copolymers containing the
monomer and aryl groups. It is worth noting thas thehaviour might have an effect on
the hydrophilic’/hydrophobic properties of the pogmugrafts. Particularly, some aryl
groups are terminating the polymer chains and toexeare potentially located at the
surface of the nanopatrticles.

To summarize, it seems that the PHEMA grafting lo@ nanoparticles has improved the

stability of their dispersion in water. We assuim&t ta more stable dispersion could be obtained
by optimizing the thickness of the polymeric shalid by using lower concentrations in

nanoparticles.

Summary

By this preliminary work (recently publish&l we have demonstrated the efficiency of the
organic modification by a simple “green processTdD, nanoparticles with interesting optical
properties (including N-doped TiCand N-doped TiO nanoparticles, displaying an edten
absorption towards visible light). We have chanazgel the grafted polymer in terms of
chemical composition, confirmed the grafting medsienproposed in the previous chapter,
evaluated the surface coverage of the nanopart(@léd polymer chains of 38 units per im
and showed that this method does not change thphwlogy of the nanoparticles. We finally

presented the first test on the stability of thepdrsion of the grafted nanoparticles in water
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showing that an enhanced stability of the nanogegisuspension due to the PHEMA grafting.

However some work still needs to be done to imptbieparameter.

To go further in a potential use of those graftadaparticles in sunscreens, the reactivity of
these nanopowders will have to be studied partilsultheir photocatalytic activity. An
important step will also consist in the co-graftimigh two (or more) different kinds of polymers
with different hydrophilic properties to insert theanoparticles in solar creams (biphasic
emulsion). The polymers composing the shell remaibe fully determined according to the
precise environment in which the nanoparticles bl dispersed as well as the nature of the

active molecules to be attached on the nanopasticle

This surface modification process opens the wawflarge number of applications requiring
polymer grafted Ti@ nanoparticles or other type of nano-objects. Bagily, the final TiQ
innovative product could certainly be developedninch larger fields than cosmetics: glass UV
filter, photovoltaics... Indeed, in the field of exgy, photovoltaic cells based on TFiO
nanoparticles with an increased specific surfaea and extended absorption zone obtained by

a low cost approach could compete with the produatsently used.
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Conclusion

We have just described a recently developed chénainahoring process induced by
diazonium salts for the functionalization of anypeéyof surfaces by organic layers and
particularly polymer films. The aim of this work wao study the different parameters of this
aqueous process as well as the structure of tms fih order to propose a grafting mechanism
according to the composition of the solution (irepresence or absence of a reducing agent and
with or without a vinylic monomer in solution). Weave also evaluated the feasibility of its
application for the functionalization of Tianoparticles with a view to use them in sunscreen

products.

We have highlighted the industrial interests faffate functionalization by organic coatings
and we have emphasized the role of diazonium aalts coupling agent in the improvement of
some processes leading to the formation of polyrfiens (cathodic electrografting,
surface-initiated polymerizations, and so on...).this context, the very versatile approach
(working in ambient conditions, in water and forguistrongly grafted and stable organic films)
has proven to overcome some of the limitations gdlyeencountered by competing techniques,

in particular the use of organic solvents.

By using the spontaneous reaction of diazoniuns seith some specific substrates, we have
demonstrated the formation of a covalent substiateinterface bond in a very precise case (on
nickel plates in acetonitrile). Surprisingly, wevkaalso observed the spontaneous grafting of
diazonium salts on gold. The most probable mechaikave been tested and we have
concluded in favor of the involvement of complenaentmechanisms which are the direct
reaction of diazonium cations with the gold surfaz®well as a cationic mechanism leading to
the formation of aryl cations able to graft on sbstrate. However, to date, the mechanism is

still subject to debate in the scientific community

Then, with a view to obtain thicker polyphenyleiim§, the introduction of a reducing agent
in solution has been investigated. In this systemn,have demonstrated for the first time the
presence of aryl radicals in solution, and thusfiomed the involvement of a redox-induced
process leading to the reduction of diazonium saft® aryl radicals. Similarly to
electrochemical processes, once formed theseadidals are able to graft on the substrate and
on already grafted aryl moieties leading to thinlypbenylene films. However, unlike
electrochemical procedures, due to its redox nathie process can be potentially applied to
any type of materials. Moreover, we have evidenited contrary to other reducing agents,
ascorbic acid reduces the diazonium salt via aerisphere electron transfer mechanism which
explains the peculiar experimental conditions umsed notably the choice in the concentration

ratio of reducing agent and diazonium salt.
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Conclusion

In order to access a wider range of organic costiagvinylic monomer has been added to
the reactive solution (Graftfd&t process). In addition to a specific concentratibrreducing
agent, we have also found that a compromise omtr@mer concentration has to be made. We
have managed to confirm the control of the thickrefshe grafted films with the reaction time.
Thanks to a dual surface-solution analysis, we hestablished a very likelygtafting td’
mechanism based on the double role of aryl radic&lslving the formation of a primer layer
by their grafting on the substrate (providing thwvalent link between the surface and the
polymer chains) as well as the initiation of thdypeerization of the vinylic monomer. The
oligomer radical chains in solution can then raatthe aromatic rings present on the surface,
their successive addition leading to the thickerahthe film. However, some work still needs
to be done to understand the sensitivity of thetiea to pH as well as the acid used and to

confirm or invalidate the correlation of this phemmnon with the use of VC.

Although this work attempted to cover the subjdot, the sake of simplicity in the
understanding of the grafting mechanism, we hawdriceed this work to very specific
conditions (mainly commercial diazonium salts wascorbic acid and HEMA on gold plates).
Therefore, it would be interesting to test otherstegns (diazonium salt / reducing
agent / aqueous solvent / substrate / polymer) fileegnone studied in this work. Particularly,
working with other substrates or with insoluble morers in emulsion would confirm the
versatility of the process and widen the ranget®fapplications. However, it is likely that
according to the system studied, an optimizatiorthef experimental parameters would be
required since variations in mechanism and redgtidould occur. Besides, a better
understanding of the one-pot reaction (formatiorthef diazonium salt simultaneously to its
grafting) as well as an exploration of a largerietgr of experimental conditions (to date,
reaction principally carried out with iron powdexpuld become essential since applications

using this system are expanding.

These redox-induced anchoring processes in paticsitaftfast” are very promising and
have already been used for various applicationm&tance:
- cation exchange membrahes

- self-adhesive surfaces

X T Le, P. Viel, P. Jegou, A. Garcia, T. Berthelot, T. H. Bui, S. Palacin, Diazonium-induced anchoring
process: an application to improve the monovalent selectivity of cation exchange membranes, Journal of
Materials Chemistry, 2010, 20 (18), 3750-3757.

2 p. Viel, X. T. Le, V. Hug, J. Bar, A. Benedetto, A. Le Goff, A. Filoramo, D. Alamarguy, S. Noel, L.
Baraton, S. Palacin, Covalent grafting onto self-adhesive surfaces based on aryldiazonium salt seed
layers, Journal of Materials Chemistry, 2008, 18 (48), 5913-5920.
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- immobilization of DNA and proteiﬁs

- effluent treatmerit

- composite materidls

- electroless plating onto polymérsffering a chromium free alternative method aggtbie
for the formation of patterned surfaces and to pelss usually non-accessible by traditional
metallization process.

Recently and as presented in this work, it has aksen successfully applied to TiO
nanoparticles with specific optical properties makthem an interesting material in sunscreen
products. The morphology of the nanoparticles resdiunchanged after the polymer grafting
while the stability of the dispersion of the grdfteanoparticles in water has been enhanced.
However, the stability has to be even more improesd it remains to investigate the
conservation of the optical properties of the Ji@noparticles after the grafting and to test the

photocatalytic activity of the powder.

T Berthelot, A. Garcia, L. Xuan Tuan, J. El Morsli, P. Jegou, S. Palacin, P. Viel, ""Versatile toolset" for
DNA or protein immobilization: Toward a single-step chemistry, Applied Surface Science, 2011, 257 (8),
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> A Gohier, F. Nekelson, M. Helezen, P. Jegou, G. Deniau, S. Palacin, M. Mayne-L'Hermite, Tunable
grafting of functional polymers onto carbon nanotubes using diazonium chemistry in aqueous media,
Journal of Materials Chemistry, 2011, 21 (12), 4615-4622.

®A. Garcia, T. Berthelot, P. Viel, J. Polesel-Maris, S. Palacin, Microscopic Study of a Ligand Induced
Electroless Plating Process onto Polymers, ACS Applied Materials & Interfaces, 2010, 2 (11), 3043-3051.

A. Garcia, J. Polesel-Maris, P. Viel, S. Palacin, T. Berthelot, Localized Ligand Induced Electroless
Plating (LIEP) Process for the Fabrication of Copper Patterns Onto Flexible Polymer Substrates, Advanced
Functional Materials, 2011, 21 (11), 2096-2102.

A. Garcia, Ligand Induced Electroless Metal Plating of Polymers, Thesis of the Ecole Polytechnique,
2011.

241






APPENDIXES

Appendix 1 — Laboratory apparatus .........coooee oo [
Appendix 2 — ChemiCal SYNNESIS ...........u sttt eeeeeeeeeeeeas Vi
Appendix 3 — EPR experimental detalils...............ocoeeriieiieeeeeeeeeeee e Xl
Appendix 4 — Indirect measurement of [NBDT]...........comeeeeeeeimmieiieeiiiieiieiiieeiieeieeeeeees Xl
Appendix 5 — SKape Up SALEIILE ........oovveieeieiees ettt XV
Appendix 6 — Influence of the tempPerature.......... .o eeeeeeriiiiiieeieeeeeeeeeeeeeeeeeee XVII

Appendix 7 — Graftfast" in buffer SOIUtIONS ..........coovevieeeceeeeee e XIX






Appendix 1: Laboratory apparatus

Appendix 1

Laboratory apparatus

1. Analysis techniques

AFM

AFM images were obtained in tapping mode usingramercial AFM (Molecular Imaging
PicoSPMLe) controlled with a PicoScan 2100 corgrol{Scientec, France) placed in an
acoustic box on a floating table to avoid vibrasi@uring measurements. Pyramid-shaped AFM
tips in silicon were mounted onto a 225 pm-lengthtitever vibrating at a resonance frequency
of approximately 75kHz and with a spring constaft3 N.m". Data were treated with

Gwyddion software.

Contact angle

Contact angle measurements were made on a sysiemAfpollo Instruments by delivering
a 2 pL drop of ultra-pure water {8 MQ 18 MQ) at a 1 pL/s speed from a microsyringe onto
the sample mounted on an illuminated horizontadestdhe image of the static water droplet
was captured by a video camera and the SCA20 s@ftv@ix measurements were taken for

each sample and the average water contact anglealcagated.

Electrospray ionization mass spectroscop§CEA/DEN/DANS/DPC/SECR/LSRM)

ESI-MS analyses were carried out using a LCTXE peerfrom Waters in a negative
ionization mode with a ToF analysis. A flow ratel® pL/min HO:MeOH 50:50 v/v was
employed. A dinitrogen flow rate of 10 mL/min waet sip at the cone level and a 350 mL/min
one at the desolvatation level. The desolvatatioth source temperatures were respectively
200 °C and 100°C. The capillary and the cone veliagere respectively 2500 V and 20 V.

Sample preparation: MeOH was added to the reantsxtium after the desired reaction time
in order to stop the reaction and to reach,@:MeOH 50:50 v/v solution (compatible with the

column).

Ellipsometry (CEA/DSM/IRAMIS/SPEC/GMOB)

The thickness of the films was determined by spsctpic ellipsometry, using a SOPRA
ES3G ellipsometer. The light beam allowed gettir@xa2 mnt footprint on the sample. The
optical constants, used for computation of the filitkness, of the bare gold substrates were
extracted from the literature and the refractiwaeix of the polymer layer was 1.45 according to
typical values usually employed for organic filnihie major sources of uncertainty lay in the
difference of the substrate from ideal bulk mefedm its roughness as well as from the

inhomogeneity of the polymer film and its dual carsjpion.
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EPR (CEA/DSM/IRAMIS/LSI)

EPR spectra were recorded at the X band (9.4 Ghia) Bruker ER-200D EPR spectrometer
equipped with a high sensibility cavity. EPR measunts were performed at room
temperature using a flat quartz aqueous cell. Vphedl instrument settings were: microwave
power 2 mW, gain ) modulation amplitude 0.1 G, time constant 81.82 Hyperfine splitting
constants and spectra deconvolution were determiiyetheans of an automated simulation
program using the Levenberg-Marquardt method. Hdha spectra Lorentz line shapes were
assumed. Radical concentrations were calculateth fao 5 mM 4-hydroxyTEMPO water
solution.

Sample preparation: detailed in appendix 3.

GC-MS (CEA/DEN/DANS/DPC/SECR/LSRM)

For gas chromatography - mass spectroscopy analgs€C-ToF (GCT premier) from
Micrommas (Manchester, UK) was used with the saféwslassLynx (version 4.1). Electron
impact ionization was employed with energies ofeY0(source temperature 200 °C). The
capillary column (SLB-5ms from Sigma Aldrich) wasodar, of 30 m length, 0.25 mm diameter
and with a 0.25 pm film thickness. A helium constiow rate of 1.1 mL/min was running
across the column. The injection syringe was alwegshed in MeOH and then water prior to
injecting the solution of interest in the spectroenein a splittess mode. The program
temperature of the oven was the following: stattGl °C then 20 °C/min until a temperature of
300 °C was reached and finally a 10 min stage at°80 The temperatures of injection and of
the interface were both 250 °C.

Sample preparation: In order to analyse all the pmmds present in solution or formed
during the reaction (including precipitates) and<tstop » the reaction, ACN was added after
the desired reaction time. A dilution in water when performed to reach concentrations of

maximum 4.1¢ M in diazonium salts and inject solutions of ACNMH1:10 v/v.

IR-ATR

Infrared spectra were obtained on a Bruker VERTEXs@ectrometer equipped with ATR
(Attenuated Total Reflection) Pike-Miracle deviamipped with a synthetic diamond crystal
deposited on a KRS-5 (thallium-bromo-iodide) lensjhe detector was a MCT
(Mercury-Cadmium-Telluride) working at liquid nigen temperature. The spectra were
obtainedvia the OPUS software after 256 scans at 2 cesolution between 600 and 4000cm
with a background at air. The base line of the spets automatically adjusted. The
contributions from HO (3100-3300 cify liquid and gas from the detector), £@300 cnt,
gas) and ATR crystal (2000-2200 ¢naiamond) were subtracted.
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IRRAS

IR-mappings were obtained with a Bruker HyperionO20microscope purged with
dinitrogen and equipped with a MCT detector. Thmma moves thanks to a motorized plate.
Whatever the analysed surface, spectra (600-400%) erare acquired after 126 scans at a
6 cmi' resolution. The data are integrated on the atisorpand of interest (1350 chin the
case of a PNP layer and 1730¢tim the case of a PHEMA film).

NMR (CEA/DSV/iBiTec-S/SCBM)
'H-NMR spectra were recorded at room temperaturea druker AVANCE DRX 400
operating at 400 MHz.

Profilometer
The thickness of the sample was measured with daRe¥030 ST profilometer using a
lateral resolution of 50 um able to measure stepwden 10 nm and 400 um. Typically, a scan

length of 500 um at a low stylus speed with a 2fange was used.

SEC (CEA/DEN/DANS/DPC/SECR/LSRM)

Size exclusion chromatography analyses were peedrom a liquid chromatography system
(METROHM) using a high performance column (Superd®x1.0/300 from Tricorn). Therefore,
the stationary phase was made of composite of ¢irde=d agarose and dextran (13 um average
particle size). The mobile phase was made of 10ahsimmonium acetate in,B DI to avoid
interaction between the stationary phase and timnepoonds of interest. The detection was
provided by a refractive index detector (RI Bisdt&i20).

Sample preparation: after the desired reaction,temeolume of ACN/HO equal to four
times the volume of the reactive solution was adffedl solution composed of ACNZ0
20:80 v/v) in order to stop the reaction and sdisiiall the polymer. Then, these samples were

injected in a liquid chromatography system for &£Sfhalysis.

TEM (CEA/DSV/iBiTec-S/SB2SM)

TEM images were obtained with a Philips CM12 elattmicroscope. For the visualization
of the polymer on the TiOnanoparticles a negative staining was performe@xposing the
grids to a droplet of a 2 wt.% uranyl acetate sotuin water for 1 min. The grids were tapped
dry with a piece of filter paper to remove the esgcef stain and air-dried before TEM

measurements.

TGA (CEA/DSM/IRAMIS/SPAM/EDNA)

Differential thermogravimetric analyses were catriegut on a simultaneous TGA-DSC
analyser Netzsch STA 449 C under a flow of argod with the following temperature
program: 20 to 800 °C at 10°C/min.
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ToF-SIMS (Alchimer SA

The instrument for ToF-SIMS analyses was an ION T@OFom ION TOF. Depth profiles
were obtained working in negative ionization modeCs’ ion beam (500 V) was used in
addition of the Ay" primary ions beam (energy of 25 keV on a 150 x 160 surface) for the
abrasion of a 750 x 750 |frmone of the sample. Acquiring time was dependimghe thickness

of the sample.

Turbidimeter (CEA/DSM/IRAMIS/SPAM/EDNA)
The turbidimetry analyses were performed on a Bodr Lab expert apparatus from
Formulaction. A scan was recorded every 1h. Paahe characterisation, the suspensions of

nanoparticles were sonicated with a US probe fanB0

UV-visible

UV-visible spectra were recorded with a Perkin ElIméambda 650 spectrometer with a
tungsten-halogen and deuterium lamps and a R95%ommldtiplier detector (resolution
190 - 900 nm). Data were collectei the Perkin Elmer UV win lab explorer software. Whe
fast measurements were required a Perkin EImembda 900 spectrometer able to work at

500 nm/min was used.

XPS

X-ray photoemission spectroscopy (XPS) analyseg werformed with a Kratos Axis Ultra
DLD using a high-resolution monochromatic Aitkine X-ray source at 1486.6 eV and a power
of 150 W. Fixed hemispheric analyser pass ener@30c¢V was used for core level scans and
160 eV for survey. The photoelectron take-off angées always normal to the surface, which
provided an integrated sampling depth of approxégat5 nm for a polymeric material. The
area analysed was 700 x 300unf survey spectrum and core-level spectra of Cls
(282 - 292 eV), O1s (526 - 538 eV) and N1s (39609 £V) regions were systematically
recorded. The energy scale of the instrument wébrated by setting Au 45 = 84.0 eV,
Ag3ds, = 368.7 eV, CutMy:sMys = 567.9 eV and Cu 3p = 932.65 eV. When charging
phenomena occurred, we used a charge neutralizatods system). On the spectra, the charge
was counterbalanced by adjusting:

- in the case of gold substrates, the Ay,4ével of the pristine gold substrate (reference
sample always analysed if the charge neutralizes raployed) at 84.0 eV and by
applying this shift to all the samples studiedha same batch,

- in the case of Ti@nanopatrticles, the carbon-carbon bond energyeottmtamination of
untreated TiQat 285.0 eV.

For small spot analyses, the pass energy of tHgsmmavas 40 eV for core level scans. The area
analysed was a spot of 110 um in diameter. Dat& wequired with Vision 2 software and

treated with Avantage software.

v
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2. Other apparatus

Electrochemistry
EG&G potentiostats (Princetron Applied Researchileh@63A and 273A were used for,

respectively, electrochemical measurements andvanob the oxide from the substrates.

Probe sonicator

The probe sonicator used for the dispersion of parieles as well as during reactions was
an Autotune Series High Intensity Ultrasonic Preoes750 W model (Fisher Bioblock
Scientific). The probe was a 3 mm titanium-coatedic microprobe. To avoid the warming of

the reactive solution, the system was placed i@ 6doled water

Rotating disk electrode

A rotating disk electrode system, model 636 (EG&@étton Applied Research), was used
for investigating reaction mechanisms. The eleerags made of conductive stainless steel
disks polished and coated with 150 um of pure dblg vacuum evaporation, see below)
embedded in an inert non-conductive polymer (PTHE)as attached to an electric motor in
order to control precisely the rotating rate of #lectrode. Since the reaction studied was not

electrochemical, the rotating disk electrode wascoanected to a potentiostat.

Spin coating
The deposition of organic films was achieved usgirgpin coater from Laurell Technologies
(model WS-400B-6NPP Lite).

Sputtering deposition

Sputter deposition was performed, from an Alcapgaaatus, on glass plates (RS France),
cleaned beforehand, under vacuum with a diode/rédiguency system from nickel (Marz
99.995 %) and platinum (Marz 99.99 %) targets.

Ultrasonic cleaner
An ultrasonic cleaner (VWR), with a 1L tank cappand able to deliver a maximum power

of 80 W was used in the rinsing procedure of tHiswates.

Vacuum Evaporation

Gold substrates were obtained by vacuum evaporatianBalzers BAK 600 evaporator of
chromium (to enhance gold adhesion on glass) amé gold (99.99 % from Williams
Advanced Materials) at room temperature on 37 xn& mglass plates supplied by RS France
(homemade cut from 76 x 26 rmrglass plates). Prior to evaporation, the glasteglavere
rinsed 10 min under ultrasonication in water, etth@md acetone successively. The thickness of
the deposited layers was monitored in-situ by usihguartz crystal microbalance. This

technique was also used for the deposition of galdilicon and stainless steel substrates.
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Appendix 2

Chemical syntheses

1. Reprecipitation of NBDT

The commercial nitrobenzene diazonium tetrafluorat® (Scheme 1) was purified by
precipitation in cold diethyl ether.

BF4',+N2—@ NO,

Scheme 1- Nitrobenzene diazonium tetrafluoroborate (NBDT).

The yellow NBDT powder (Figure la) was dissolved,r@om temperature and under
stirring, in the minimum amount of acetonitrile. €'mixture was then poured slowly into
ice-cold diethyl ether to precipitate the diazonigait. The precipitate was filtered through a
Buchner funnel, washed with cold diethyl ether anied, at room temperature, in a vacuum

desiccator for 1h. Finally, the white powder (Figb) was kept in a closed vial in the fridge.

Figure 1 — Images of the NBDT powder a) before and b) dfterreprecipitation procedure.

The powder before and after reprecipitation weraratterized by IR-ATR (Figure 2). The
two spectra are identical displaying in particutae characteristic absorption band of the
diazonium group (N) at 2306 crif as well as the two characteristic bands of nit@ugs at
1538 cnit (V*02) and 1355 cm (Vyoo).

Vi
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1.0- Commercial NBDT
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Figure 2 — IR-ATR spectra of NBDT before and after the esjjpitation procedure.
NBDT was also characterized by NMR. The compounef®re and after reprecipitation
gave the same results.
'H NMR (400 MHz, CQCN, 3, ppm):
- before reprecipitation: 8.74 (U = 9.2 Hz, 2H), 8.62 (dJ). = 9.6 Hz, 2H);
- after reprecipitation: 8.75 (8)n = 9.6 Hz, 2H), 8.62 (¢ = 9.2 Hz, 2H).

2. Syntheses of diazonium salts

Most of the diazonium salts used in this work (3CH;, SCH, COOH) were synthesized by
the following procedure. As an example, we willadethe procedure used for the synthesis of
4-thiomethylbenzene diazonium tetrafluoroboratéhéBae 2).

/

BF,,*N, S

Scheme 2- 4-thiomethylbenzene diazonium tetrafluoroborate.

The diazonium salt was prepared from the correspgndmine. In a typical synthesis,
1.1 equivalents of NOBFwere added in a closed round-bottom flask comgir solution of
4-(thiomethyl)aniline dissolved in the minimum amowf acetonitrile at -40 °C. The mixture
was stirred for 30 min under argon flow at -40°Q@ dhen warmed to room temperature and
poured slowly in ice-cold diethyl ether to precipé the diazonium salt. The salt was filtered
through a Bichner funnel and washed with diethizeet The diazonium salt was stored at
-18 °C prior to use.

The synthesized 4-thiomethylbenzene diazoniumfletnaborate was then characterized by
IR (Figure 3) and NMR. The IR spectrum clearly seaWwe characteristic band of diazonium
groups at 2250 cthas well as a few other bands testifying of thesgnee of thiomethyl group
in the compound (1415 ¢ v®%ns, 1333 crit: Vo) and of the nature of the counter-ion
(Vera. = 1050 & 1020 cr).
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'H NMR (400 MHz, CRCN, 8, ppm): 8.51 (d°Jyy = 9.6 Hz, 2H), 7.74 (FJyy = 9.2 Hz, 2H),
2.67 (s, 3H, SH,).
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Figure 3 — IR-ATR spectrum of 4-thiomethylbenzene diazonietnafluoroborate.

Concerning 4-nitrobenzene diazonium perchlorates #ynthesis procedure used was
different. Indeed, 2 equivalents of amine (4-nitibae) were mixed with 1 equivalent of
NaNG; in an ice-cold flask. Then 2-3 mL of HC|@ere added and the solution was stirred for
30 min. The precipitate was filtered through a Biestfunnel and softly dried at ambient air.

The IR spectrum of the synthesized product is pteskin Figure 4. It is very similar to the
spectrum of 4-nitrobenzene diazonium tetrafluorabmr(see Figure 2) except for the IR
absorption band attributed to the counter-ion & #&2d 1065 cihstanding for CI@ (instead of
1050 and 1020 cinfor BF).
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Figure 4 — IR-ATR spectrum of 4-nitrobenzene diazonium pknate.

3. Formation of the diazoether

Stoichiometric amounts of freshly reprecipitatedINBand ascorbic acid were mixed in a
H,O DI. After a 15 min reaction time, the diazoeties precipitated in ether. The powder was

collected in a Biichner funnel, dried at ambienpaiior to be kept in a closed vial in the fridge.
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The UV-visible spectrum of this synthesized comghysresented in Figure 5, displays an
intense absorption band at 354 nm. Moreover, theegponding IR spectrum (Figure 6) is
consistent with the presence of nitro, phenyl, lat¢@s well as carbonyl groups.
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Figure 5— UV-visible of the diazoether from the reactidiNBDT with VC.
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Figure 6 — IR spectrum of the diazoether from the reactibNBDT with VC.

1

Therefore, according to the literature, it seenad the diazoether represented on Scheme 3
was successfully synthesized. Besides, the molassmaf the synthesized compound,
determined by electrospray ionization mass spemms corresponds to the one of the
diazoether. However, in view of the complexity bEtNMR spectrum of this molecule (not
shown here), it is likely that the synthesized d&ther contains impurities. This is not too much
of a problem since only qualitative studies willlbade using the molecule.

HO.

HO

O,N N

Scheme 3- Synthesized diazoether from the reaction of NBD{h VC.
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EPR experimental details

With a view to detect and identify short lived fresdicals, EPR experiments have been
performed using a spin-trap. The compound of isteas a spin-trap is the monomer of the
2-methyl-2-nitrosopropane (MNP) dimer. The MNP ¢$oln was prepared, at room
temperature, in a nitrogen flow glove box (oxygexefatmosphere) by dissolving about 0.2 g of
the MNP dimer in 50 mL of DI water previously bue8l10 min with argon gas. Then, the
solution was stirred overnight in a closed viakr@m temperature in the dark to dissolve as
much MNP dimer powder as possible and to reachlestaibnomer-dimer equilibrium

(approximately 10 h after dissolution

O 10 h, dark _0O
| N, glove box NZ
N~ > 2X

lﬁ|+
O

Scheme 1- Reaction of the formation of the MNP spin-tragsolution.

This spin-trap solution is very sensitive to tengpere, light, oxygen and stable for a limited
period of time. Thus, it is easily understandallat the spin-trap solution was prepared just
before its use and stored for no more than a déyemark fridge. The equilibrium of the MNP
dimer (colorless liquid) and monomer (blue liquid)aqueous solution imposes to perform a

measurement in order to evaluate the MNP monommsestdration in solution.

A simple method using UV/vis spectrometry adapteainf literaturé was used to find out
the MNP monomer concentration in solution. Kuwaletral® determined a molar absorbance
coefficient of € ggoym= 10 + 5 Mt.cm? for this compound. As illustrated by Figure 1, the
concentration of MNP solutions used, based on liserbance values at 662 nm, was 2 mM in

average (always within the 1 mM — 5 mM range).

L. Kuwabara, S. Miyake, T. Jin, S. Sawamura, Reactions and Rate Constants between Hydroxy!
Radicals and the Dimer and Monomer of Spin Trap 2-Methyl-2-Nitrosopropane Determined by the Pulse-
Radiolysis Method, Journal of Physical Chemistry, 1995, 99 (38), 14078-14082.

’T. Ohkuma, Y. Kirino, T. Kwan, Some physicochemical properties of 2-methyl-2-nitrosopropane,
phenyl N-tert-butyl nitrone, 5,5-dimethylpyrroline-N-oxide, and 2,5,5-trimethylpyrroline-N-oxide and the
feasibility of their use as spin traps in aqueous solution, Chemical & Pharmaceutical Bulletin, 1981, 29
(1), 25-28.

M. Kuwabara, W. Hiraoka, S. Sawamura, M. Katayama, Reactions and Rate Constants between
Hydrated Electrons and the Monomer and Dimer of 2-Methyl-2-Nitrosopropane Determined by the
Pulse-Radiolysis Method, Journal of the American Chemical Society, 1991, 113 (10), 3995-3997.
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Figure 1 — UV-visible spectrum of a MNP solution before E@kperiments from which the
concentration in spin-trap is determined.

To make sure that all the radicals formed can le-tsppped, an excess of MNP spin-trap
versus the diazonium salt was employed during EPRReraments. Therefore NBDT
concentration of 1 mM was always used and the cdratgons of ascorbic acid and HEMA (in

the case of the Graftfd¥tprocess) were adjusted functions of [NBDT].

Xl



Appendix 4: Indirect measurement of [NBDT]

Appendix 4

Indirect measurement of [NBDT]

For experimental reasons, an indirect measuremfetiteoconcentration in diazonium salt
can be required. According to the literafurthe NEDA (N-(1-naphthyl) ethylene diamine
dihydrochloride) reacts, in acidic water, specificavith diazonium salts. This diazo coupling
reactiod with NBDT leads to the formation of a stable azompound characterized by its
maximum absorbancé.,x at 545 nm and a corresponding extinction coefficiat room
temperature in water afs,s=53,560 critM™. Therefore, by measuring the absorption of this
reaction product, the concentration in diazoniuihcan be determined.

N2

NH,

J/ o =
HN l
~ O —
NO2

N-(1-naphtyl-4-diazo-4nitrobenzene)
ethylenediamine
Scheme 1- Diazo coupling reaction leading to the formatidran adduct detectable by UV-vis.

NEDA NBDT

This indirect method is particularly efficient toeasure the [NBDT] with time without
working in diluted solutions (usually used so tti& concentrations fit directly with the range
of values acceptable for direct UV-visible measwats). Moreover, contrary to direct
UV-visible measurements, with this technique weraklimited by the acquisition time of the
spectrometer. A small amount of the reactive sotutivas taken and diluted in water (to reach
concentrations suitable for UV-visible measuremept$or to the addition of an excess of
NEDA powder. A strong change in color was obsetifiemin transparent to purple) testifying of
the diazo coupling reaction. Finally, the sample wnalysed by an UV-visible spectrometer to
determine the absorbance of the sample from whiehcbncentration in diazonium salt was

calculated.

1.0 Novitsky, Diazo-coupling option with Pyrochrome Chromogenic LAL, Associates of Cape Cod

Incorporated, 1998, 16 (2).

F A Carey, R. J. Sundberg, Chimie Organique Avancée, Tome 1. Structure moléculaire et

mécansimes réactionnels, DeBoeck Université, 1996.
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Appendix 5

Shake-up satellite

It is well-known that benzene rings, for instaneegolystyrene film§ give an XPS peak at
high binding energy called-n* shake-up satellite. This peak is due to shakexgtations
taking place in ther orbitals of the benzene rings. Simultaneously e &jection of the
photoelectron from the 1s orbital, an electronrisnpted from an occupied bonding orbital
on the benzene ring to an unoccupt&dntibonding orbital.

Organic films synthesized spontaneously, by a cbalhgi induced process or by the
Graftfast method all contain benzene rings from the aronditizonium salt as demonstrated
by the IR and XPS detection of the groups bornthbyaromatic rings (mainly nitro in our case)
and the detection, uniquely by IR, of the stretghitbration of aromatic carbon double bonds.
Therefore, the presence of this shake-up satefiithe XPS C 1s core level spectra of those
films was investigated.

From the spectra a and b in Figure 1, it is clbantnon-n* shake-up satellite is present in

the 292 eV region for respectively spontaneous BINB and Graftfast’ PHEMA films.
14000

12000 e shake-up

10000+ d)

8000
1c)

CPS

6000+

2000+

1 a) ; - | [ ] J VvV A\
0 R T S N RO Y e — ;
300 205 ' 290 285 295 294 293 292 291 290
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Figure 1 — C 1s core level spectra of a) a spontaneousfifNPNBDT 0.046 M, HO DI, 60 min) and
b) a PHEMA film (NBDT 0.046 M, VC 1/10 eq, HEMA ¥, HO DI, 60 min) c) a SAM of
nitrobenzenethiol and d) a thick PNP film on golidbwa zoom in the 290 - 295 eV region.
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In order to understand why we are not able to afestivis peak, a SAM of nitrobenzenethiol
(containing a low amount of benzene rings) andiektPNP film (containing an important
amount of aromatic moieties) were analysed by XH§u¢e 1 ¢ and d). The shake-up satellite

was only detected in the latter case. Thereforsilaily to the SAM, it is very likely that this

' G. Bea mson, D. Briggs, High Resolutin XPS of Organic Polymers, John Miley & Sons, 1992.

S. Gam-Derouich, B. Carbonnier, M. Turmine, P. Lang, M. Jouini, D. Ben Hassen-Chehimi, M. M.
Chehimi, Electrografted Aryl Diazonium Initiators for Surface-Confined Photopolymerization: A New
Approach to Designing Functional Polymer Coatings, Langmuir, 2010, 26 (14), 11830-11840.

Plasma polymerization of polystyrene, http://www.docstoc.com/docs/23284495/XPS-case-study.
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peak cannot be detected in the case of the spantsioe induced grafting of PNP films as well
as Graftfast! PHEMA films due to the very low amount of benzeimgs in the films. In
particular, concerning Graftfd&t (co)polymer films, the signal can also be difficid observe
in accordance with the relative amounts of the fexursors in the reacting mixture.

To conclude, thet-n* shake-up satellite can be observed but only | ¢hse of films
containing an important amount of benzene ringeréfore, in this work, we will consider that
we only display the XPS C 1s spectra up to 292 e facus on the feature at lower binding
energies.
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Influence of the temperature

The temperature is well known to be responsiblettier degradation of diazonium salts in
solution. In order to evaluate the role of the temapure in the polymer grafting, reactions in
temperature but without any reducing agent werdopeed. From the results presented in
Figure 1, it is clear that, from 35°C, the amouhtgmafted polymer linearly increases with
temperature. This strong effect of the temperaburéhe grafting fits perfectly with the value of
45°C found by DSC for the decomposition of the NBMiBzonium salt in water. These
experiments are also in agreement with the resbligined in 111.3.4.2 showing that the higher
the temperature (beyond 40°C), the more efficieatgpontaneous grafting of diazonium salt on
the substrate. However, the precise mechanism @i phhenomenon remains unclear. Only

further experiments, for example EPR with a heatealysis cell, could allow us to clarify this

14 7.
12
101

O 6-

:

grafting mechanism.

o (%)
®

0 J.IO'ZIO'SIO'A:O'SIO'@IO
Temperature (C)
Figure 1 — Intensity of thevc-o absorption band from the IR-ATR analysis of theERA films obtained
after 1h immersion of gold plates in 0.046 M NBIMEMA 15 eq, HO DI as a function of the
temperature.

0

The temperature seems to have an effect on thengraf both diazonium salt and polymer
even when no reducing agent is present in solufidrerefore, this parameter will not be
investigated in more details since it is likely ttha would only complicate the grafting
mechanism and not bring any additional informatiorthe understanding of the Graftfst

mechanism.
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Appendix 7

Graftfast™ in buffer solutions

The solvent used in the Graftf8$tprocess was identified as a parameter having enpat
influence on the grafting of polymer. In additiam gimply changing the nature of the solvent,
we also examined the effect of buffer solutionsic8ithe diazonium salt reacts with organic
acids, phosphate buffer solutions of pH = 2.3RE/KH,PQ,) and 7.2 (KHPO/K,HPQ,) were
tested.

The reactions of NBDT with VC in presence of HEMArformed in buffer solutions were
followed with time. The corresponding results ggirthe variations of the intensity of
absorption of the polymer film at 1730 ¢rare shown on Figure 1 in parallel with the results
obtained for similar reactions performed isHDI (pH = 5.5) or HSO, (pH = 2). The reactions
performed in phosphate buffer solution of pH = d an H,O DI give very similar results.
Surprisingly, in comparison with the reaction inS@, pH = 2, the reaction performed in
phosphate buffer solution of pH = 2 gives very hadisorption values. Moreover, these values
are also a lot higher than those obtained at highlewith does not really fit with the proposed
mechanism. Indeed, the mechanism is based on timation of the diazoether from ascorbate
ion which can eventually decompose and give adiceds. Therefore at acidic pH, this reaction
should not occur. These phenomenon could potential explained by a modification of the
counter-ion of the diazonium salt.

To sum up, we have observed an unexpectedly tHitkMPA films when working in buffer

solutions but this behaviour remains very unclear.
18
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Figure 1— IR intensity of therc—o band of Graftfast! PHEMA films (NBDT 0.046 M (1 eq), VC
1/10 eq, HEMA 15 eq, 60 min) with reaction time awtording to the solvent used,(DI, H,SO,
10° M, phosphate buffer solution of pH 2.1 and 7.2).
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Abstract

In this work, three surface functionalization prams have been studied: the spontaneous grafting fro
diazonium salts, the chemically induced graftingnirdiazonium salts and the chemically induced geft
from diazonium salts in presence of vinylic monosn@rhich is Graftfagt). These processes work at room
temperature, atmospheric pressure, in aqueous mednd without any external energy source (“green”
chemistry). They lead to the formation of organilen$ (in particular polymer films in the case ofeth
Graftfasi™ process), stable, strongly grafted and with a ofiett thickness (chemically activated processes).
Contrary to diazonium salt electrografting methothe reaction can occur on any type of substraien fr
insulators to conductors including nanomaterialee Bo-modified surface can show new properties (for
instance water-repellency or protection againstosion) which is of a major interest in some indastields.

The main objective of this work was to understaredgtafting mechanism of those processes, espeoially
the Graftfast process, by studying the chemical compositionhaf films, their structure as well as the
composition of the reactive solution. As for claasiadical chain polymerization, the mechanism karsplit
in three steps: initiation, propagation, terminatidhe polymerization is initiated by aryl radicatssolution
coming from the chemical reduction of the diazongaits (outer-sphere or inner-sphere mechanisnra@iogp
to the reducing agent used). In parallel, aryl caldi can graft to the surface of the substrate fand an
essential polyphenylene primer-layer. The propagastops when the growing polymer chains react on the
aromatic rings already grafted on the substraten(tation step). It results an aryl groups/polymsrixed
structure of the films. The Graftf@tprocess has been notably tested with a view to imeptioe dispersion of
nano-objects in water in the framework of a prelimyrgtudy on sunscreens containing Ti@nopatrticles.

Key words: Surface functionalization, radical polyiration, aryldiazonium salts, redox activation,
polymer films, titanium dioxide nanoparticles.

Résumé

Au cours de ce travail, trois procédés de fonctibsa@on de surface a partir de sels de diazoninmété
étudiés, a savoir: un procédé spontané, un proaétiéé chimiquement et le procédé appelé Graftfast
(activation chimique en présence de monomeresigungs). Ces procédés, dits de chimie verte, fonogat a
température ambiante, pression atmosphérique, déirumaqueux et sans apport extérieur d'énergie. lIs
conduisent a la formation de films organiques (moteent de polyméres dans le cas du procédé Grafffast
stables, greffés de maniére covalente et d'épaisamirdlée (procédés activés chimiquement). Caetreent
aux méthodes d'électrogreffage de sels de diazgnies procédés peuvent s’appliquer a tout type de
substrats allant des isolants aux conducteurs esaptpar les nanomatériaux. Le substrat ainsifréquiut
présenter de nouvelles propriétés (par exempledddphilie, de protection contre la corrosion, ...)qee est
d’un intérét majeur dans certaines problématiqonésstrielles.

L’objectif majeur de ce travail a été de comprenidse mécanismes réactionnels de ces trois proatdés
plus particulierement du procédé Graftfasn étudiant la composition chimique des filmsy knucture mais
aussi la composition des solutions réactionneli@smme pour une polymérisation radicalaire en chaine
conventionnelle, le mécanisme réactionnel du pr@d@daftfast” (cas le plus complexe) procéde en trois
étapes : amorgage, propagation, terminaison. Lyyngoisation est amorcée par les radicaux arylesogrion,
issus de la réduction chimique des sels d'aryldiagn (mécanisme en sphére interne ou en spherenexte
selon le réducteur chimique). Parallelement, leliceaux aryles peuvent se greffer a la surface dhstsat et
former une sous-couche d’'accroche de polyphenyjlmment un réle essentiel dans la construction des f
La propagation s’achéve lorsque les chaines pobsnén croissance réagissent par des réactionarddetrt
sur les noyaux aromatiques déja greffés sur letsathig@tape de terminaison). Les films obtenus stors de
structure mixte : groupements aryles, polyméresp@eédé a notamment été testé dans le but d’ameélo
dispersion des nano-objets dans 'eau, dans leea#idne étude préliminaire sur les cremes soldirbase de
nanoparticules de dioxyde de titane.

Mots clés : Fonctionnalisation de surface, polyregtion radicalaire, sel de diazonium aromatique,
activation redox, films polymeéres, nanoparticuleslaexyde de titane.



