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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

CV

Cyclic voltammetry

CVD

Chemical vapor deposition

D
DFT

Density functional theory

DI

Deionized

DMF

N,N-dimethyl formamide

DNA

Deoxyribonucleic acid

DPn

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
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G
GC

Glassy carbon

GCE

Glassy carbon electrode

GC-MS

Gas chromatography - mass spectroscopy

H
HEMA

Hydroxyethyl methacrylate

HF

Hydrofluoric acid

HFSC

Hyperfine splitting constant

HOPG

Highly ordered pyrolitic graphite

I
IR-ATR

Infrared-attenuated total reflection

IRRAS

Infrared reflection absorption spectroscopy

ITO

Indium tin oxide

L
LCSI

Chemistry of surfaces and interfaces laboratory

LFP

Francis Perrin laboratory

M
MBDT

4-methoxybenzene diazonium tetrafluoroborate

MCT

Mercury cadmium telluride

MNP

2-methyl-2-nitrosopropane

N
NBDP

4-nitrobenzene diazonium perchlorate

NBDT

4-nitrobenzene diazonium tetrafluoroborate

NEDA

N-(1-naphtyl-4-diazo-4-nitrobenzene) ethylenediamine

NHE

Normal hydrogen electrode

NMP

Nitroxide-mediated polymerization

NMR

Nuclear magnetic resonance

O
OCP
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Open-circuit potential

Abbreviations, notations & acronyms

P
PAA

Poly(acrylic acid)

PBMA

Poly(butyl methacrylate)

PE

Polyethylene

PHEMA

Poly(hydroxyethyl methacrylate)

PNP

Polynitrophenylene

PS

Polystyrene

PTFE

Poly(tetrafluoroethylene) or Teflon®

Q
QCM

Quartz crystal microbalance

R
RAFT

Reversible addition-fragmentation polymerization

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 polymerization

SEM

Scanning electron microscopy

SERS

Surface-enhanced Raman scattering

SI-ATRP

Surface-initiated atom transfer radical polymerization

SI-NMP

Surface-initiated nitroxide-mediated polymerization

SIP

Surface-initiated polymerization

SIPP

Surface-initiated photopolymerization

SI-RAFT

Surface-initiated reversible addition-fragmentation 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 spectroscopy

U
US

Ultrasonication

UV

Ultraviolet

UVO

UV-ozone

V
VC

Vitamin C or ascorbic acid

X
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
diazonium
salt tetrafluoroborate

-

BF4 , N2

Cl

Homemade
(LCSI)

Br

Aldrich, 96 %

Cl

4-bromobenzene diazonium
tetrafluoroborate

-

BF4 , N2

4-carboxybenzene
diazonium tetrafluoroborate

-

BF4 , N2

4-methoxybenzene
diazonium tetrafluoroborate

MBDT

BF4 , N2

4-nitrobenzene diazonium
perchlorate

NBDP

ClO4 , N2

4-nitrobenzene diazonium
tetrafluoroborate

NBDT

BF4 , N2

NO2

4-thiomethylbenzene
diazonium tetrafluoroborate

-

BF4 , N2

S

Homemade
(LCSI)

4-trifluoromethylbenzene
tetrafluoroborate

-

BF4 , N2

CF3

Homemade
(LCSI)

2.

O
OH
O

NO2

Homemade
(LCSI)
Aldrich, 98 %
Homemade
(LCSI)
Aldrich, 97 %

Amines
Full name

Notation

Structure

Source

Cl

3,4,5-trichloroaniline

-

H2N

Aldrich, 97 %

Cl
Cl

O

4-aminobenzoic acid

-

Aldrich, 99 %

H2 N
OH

4-nitroaniline

-

H2N

NO2

4-(thiomethyl)aniline

-

H2 N

S

Aldrich, 98 %

4-(trifluoromethyl)aniline

-

H2N

CF3

Aldrich, 99 %

Aldrich, >99 %
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3.

Reducing agents
Full name

Notation

Structure

Source

HO

Ascorbic acid

VC

O

O

HO

Aldrich, >99 %

OH

HO

O

Hypophosphorous acid

H3PO2

OH

H

Iron powder

4.

Aldrich, 50 wt%

P

H

Fe

-

VWR Prolabo

Notation

Structure

Source

Acetonitrile

ACN

CH3–C≡N

Aldrich, >99 %

Acetonitrile-d3

-

CD3–C≡N

Aldrich,
99.8 atom %

Ammonium acetate

-

CH3COO-,NH4+

Aldrich, >99.9 %

Deionized water

H2O DI

-

Millipore, 55MΩ

Deuterium oxide

D2O

-

Aldrich,
99.9 atom %

Diethyl ether

-

O

Aldrich

Ethanol

EtOH

Solvents
Full name

Fluoroboric acid

OH
+

HBF4

H ,BF4
+

-

-

Hydrochloric acid

HCl

H ,Cl

Methanol

MeOH

CH3–OH

Nitric acid

+

HNO3

H ,NO3

VWR, 96 %
Aldrich, 50 %
VWR, 37 %

-

Fluka
Aldrich, >90 %

O

N,N-dimethylformamide

DMF

Perchloric acid

HClO4

H

N

H+,ClO4-

Carlo Erba
reagent, 99.8 %
Aldrich, 70 %

O

Phosphoric acid

H3PO4

HO P OH
HO

Aldrich, >85 wt%

Sulphuric acid

H2SO4

2H+,SO42-

Fischer Scientific,
>95 %

Tetrahydrofuran

THF

O
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5.

Monomer/polymer
Full name

Notation

Structure
O

2-hydroxyethyl methacrylate

O
OH

HEMA
O

Poly(2-hydroxyethyl
methacrylate)

Source

Aldrich, 97 %

O
OH

PHEMA

Aldrich, Mv ca.
20,000

n

6.

Substrates
Full name

Notation

Structure

Source

Chromium

Cr

-

CERAC TM Inc,
99.99 %

Germanium wafer

Ge

-

Neyco, undoped, 130 Ω/cm

Gold

Au

-

Williams Advanced
Materials, 99.99 %

Nickel

Ni

-

Marz, 99.995 %

Polyethylene disk

PE

Platinum

Pt

-

Marz, 99.99 %

Silicon wafer

Si

-

ITME, N-type (100)

Undoped and N-doped
titanium oxide

TiO2

-

Homemade (LFP)

Titanium oxide

P25 TiO2

-

Evonik Degussa,
∅25nm, 80-20%
anatase-rutile

7.

-

n

Supporting electrolytes
Full name

Notation

Structure

Source

Magnesium sulphate

MgSO4

Mg2+,SO42-

Aldrich

Potassium bromide

KBr

K+,Br-

Aldrich, >99 %

Potassium chloride

KCl

Tetraethylammonium
perchlorate

TEAP

+

K ,Cl

N

-

Fluka

,ClO4

Acros
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8.

Others
Full name

Notation

Structure
O

N

2-methyl-2-nitrosopropane

Source

Homemade
(LCSI)

MNP

O

2-methyl-2-nitrosopropane
dimer

N

MNP dimer

Aldrich

N+
O
HO
O

3-O-arenediazoascorbic acid

Diazoether

4-nitrophenol

-

Hydrobromic acid

HBr

Hydrogen peroxide

H2O2

.

-

OH

N O
N (E)

O2N

4-hydroTEMPO

O

HO

HO

N

HO

O

Aldrich, 97 %

NO2

Aldrich, >99 %

H+,BrH

Aldrich, 48 %
H

O

Homemade
(LCSI)

Aldrich, 35 wt%

O

H2 N

NEDA

Nitrobenzenethiol

-

Nitrosonium
tetrafluoroborate

NOBF4

NO+,BF4-

Aldrich, 95 %

Sodium nitrite

NaNO2

Na+,NO2-

Fluka

N
N

HN

Trifluoroacetic anhydride

Aldrich
, 2HCl

HS

NO2

O

-

F
O
F

Aldrich, 80 %

O

F
F
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NO2

N-(1-naphthyl) ethylene
diamine dihydrochloride

F

F

Aldrich, >99.9 %
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Introduction

Products and materials coated with organic films are ubiquitous in everyday life. Indeed, the
surface functionalization of materials is a very powerful tool since it permits to combine the
bulk properties of materials and the properties of the coatings. It plays an important role in
many industrial fields, for instance, paints and varnishes used in the automobile industry for
preventing corrosion, non-toxic coatings in the food industry (e.g. non-stick cookware),
lubricant coatings for electrical connectors, wear resistant and biocompatible coatings for
medical devices and implants... In all applications, the coatings must be stable under harsh
conditions, exhibit the required adhesive properties, protect substrates against corrosion for long
periods, be either hydrophilic or hydrophobic and, last but not least, be safe for users.
Therefore, for almost a century, important work has been made in order to bring new
properties to materials and nowadays surface modification of materials is more than ever a very
attractive research subject related to a variety of promising industrial applications. In view of
the increasing demand for surface-modified materials, various functionalization techniques were
developed depending on the type of material to be modified and the nature of the coating to be
added.
Numerous methods are commonly used for the formation of organic coatings on surfaces
classified as physisorption and chemisorption techniques (respectively creating a weak chemical
and a true chemical bonding between the organic components and the substrate) or classified as
“grafting to” (polymer chains are initiated in solution and react with functional groups
previously immobilized on the substrate) and “grafting from” (the polymerization is initiated on
the surface from initiators previously attached on the substrate) processes. They include
spin-coating, grafting of self-assembled monolayers (SAMs), cathodic electrografting,
surface-initiated polymerizations and surface electroinitiated emulsion polymerization (SEEP).
Most of these techniques generally require the use of organic solvents which make them poorly
advisable from an environmental point of view. However, the recent development of the SEEP
process was a real progress in the surface functionalization field. Indeed, deriving from cathodic
electrografting of vinylic monomers, the SEEP process leads to the formation of grafted organic
films on semi-conducting or conducting surfaces in water. It overcomes the limitations of the
cathodic electrografting (drastic experimental conditions and restrictive range of monomers) and
the other functionalization techniques by combining electroreduction of aryl diazonium salts
and radical polymerization in dispersed aqueous medium. However, it still has some limitations
related to its electrochemical nature, since the functionalized substrate has to be conductive.
In this context, in 2007, an innovative process for the functionalization of materials by
organic coatings has been developed in our laboratory. Also based on the reduction of
diazonium salts, it consists in performing this reaction chemically thanks to the addition of a
reducing agent in solution (redox process) in presence or absence of a vinylic monomer. It is
19
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thus no longer limited to semi-conducting or conducting substrates but can be applied to any
type of materials. As a new technique, there was a real need for a better understanding of the
grafting mechanism. Moreover, it was also interesting to test this process regarding applications.
This study has been divided as follows:
In the first chapter presenting the context of this study, typical functionalization methods of
organic coatings leading either to non-polymer layers or polymer films will be detailed. The
principle, the substrates, the type of coating obtained as well as the advantages and limitations
of each technique will be underlined.
The second chapter aims at presenting the genesis and the principle of the chemical
anchoring process based on diazonium salts, to define and characterize its main components i.e.
the diazonium salt, the reducing agent, the vinylic monomer and the substrates.
The following chapter is a study of the most basic reaction i.e. the spontaneous grafting
(from solution only containing the diazonium salt). It will first deal with the various
mechanisms proposed in the literature according to the substrate and to the work aiming at
demonstrating the covalent nature of the substrate-surface bonds. Then, it will focus on our
attempts to reveal such bonds and the explanation of the spontaneous grafting mechanism on
gold substrates.
The fourth chapter, which is dedicated to the study of the reaction when a reducing agent is
added in solution (redox-induced grafting), will start with the investigation of the chemical
composition of the organic grafted films and the study of the effect of the variation of
experimental parameters. Then, thanks to dual surface-solution analyses, an explanation of the
grafting mechanism will be proposed.
In the fifth chapter, the redox-induced grafting in presence of a vinylic monomer
(GraftfastTM process) which leads to the grafting of polymer films on any type of materials will
be investigated. The films will be deeply characterized in terms of composition, structure,
morphology, homogeneity, thickness and a wide range of experimental conditions will be
explored. Subsequently, by combining surface with solution analyses, a grafting mechanism for
the formation of those polymer films will be established.
To finish, the last chapter will be devoted to a preliminary study consisting in evaluating the
feasibility of grafting a polymer layer (by the GraftfastTM process) on TiO2 nanoparticles which
will be used in sunscreen products for filtering UVA as well as UVB radiations.
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Chapter I – Surface functionalization by organic coatings

The surface modification of materials is a way to combine bulk properties (e.g. mechanical,
electrical or optical) with the appropriate surface properties (for instance protection against
corrosion, hydrophobicity/hydrophilicity, biocompatibility, adhesion, wear resistance…).
Tailoring the surface properties of materials by organic coatings is of great interest from an
industrial point of view. Therefore, a wide range of techniques has been developed. Among
requirements for organic coatings, the stability under usage conditions, which strongly depends
on the actual bonding between the substrate and the coating, is the most frequent. The known
methods producing organic films on substrates are thus usually classified according to the type
of interactions (weak or strong) between the substrate and the organic film i.e. the kind of bonds
provided at the interface. “Soft methods” giving only weak chemical bonds between the organic
components and the substrate can be gathered as physisorption techniques. On the contrary,
chemisorption methods include grafting techniques in which the organic layer is covalently
bound to the substrate.
In this chapter presenting the context of our study, we will focus on the main surface
functionalization techniques leading to either non-polymer organic filmsa or polymer films on
flat surfaces.

I.1 -

Non-polymer organic coatings

Various methods provide non-polymer organic films. We will in particular deal with the
chemical vapor deposition technique or the Langmuir-Blodgett method which both give
physisorbed films. Based on stronger interactions between the organic layer and the substrate,
the formation of self-assembled monolayer will also be described. To finish, we will present
oxidative as well as reductive electrograftings methods to prepare chemisorbed films.
I.1.1 -

Vapor deposition

Physical or chemical vapor deposition1, 2 (respectively PVD and CVD) is typically used for
inorganic coatings (ceramics, silicon carbide, nitrides, metals) but can also be applied to small
organic molecules, for example, in the fabrication of organic thin-film transistors, organic
light-emitting diodes and organic photovoltaic cells.
In a typical CVD process, the substrate is exposed to precursors in gaseous phase which
react and/or decompose at the surface of the substrate leading to the formation of the deposited
film (Scheme 1). Soft conditions (low pressure, flash heating) are generally chosen to prevent
thermal degradation of the organics during vaporization and retain the molecular properties in
the final film. Hence, in the case of organic coatings, only weak interactions can be created
between the molecular film and the substrate.
a

In some cases, polymer-like films can also be obtained by those methods.
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Reactants

2) Reactions in the
gaseous phase
1) Transport

4) Evacuation

Deposition

3) Surface reactions
Growth of the film

Scheme 1 – Principle of the chemical vapor deposition process extracted from Roucoules’s work3.

Vapor deposition works under vacuum and provides thin films from gaseous precursors. This
technique is limited to organic coatings that are not prone to mechanical or thermal constraints.
Moreover, vapor-deposited films can locally be highly crystalline but are often prone to defects
such as grain boundaries or cracks.
I.1.2 -

Langmuir-Blodgett technique

The Langmuir-Blodgett technique was developed in 1934 by I. Langmuir and K. Blodgett,
pioneers in the field of surface functionalization by organic layers4. Historically used with fatty
acids on glass, it was adapted to other amphiphilic systems (surfactants, lipids…). However,
nowadays the use of Langmuir-Blodgett technique is widened to non-amphiphilic systems of
different types such as nanoparticles, polymers5 or biological objects.
This principle of this technique is based on the organisation of the amphiphilic molecules at
the water surface according to the affinities of both parts of the molecules. The solution
containing the molecules of interest is deposited in droplets at the water surface. The molecular
density at the air-water interface is adjusted by manipulating PTFE moveable barriers. By
moving closer the two barriers, the film is compressed which changes the surface tension of the
air-water interface and leads to a vertical and ordered organisation of the molecules. The
so-formed monolayer, called Langmuir film, can be transferred to a flat solid support by an
upstroke of the immersed substrate through the monolayer (Scheme 2). During the vertical
transfer, the surface pressure of the monolayer is kept constant by automatically compressing
the film by the barriers to account for the material loss. According to the nature of the substrate
(hydrophilic or hydrophobic), two types of structures can be obtained. In the case of hydrophilic
substrates (glass, silicon wafers…), the monolayer will be transferred with the polar heads of
the molecules in contact with the substrate (as represented on Scheme 2). Concerning
hydrophobic substrates, the aliphatic tails get in contact with the substrate during the transfer
step. By performing multiple immersions of the substrate, the two effects described above
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combine. It conducts to the successive deposition of layers at the air-water interface when
inserting or withdrawing the substrate and thus leads to the formation of multilayers films.

Contact line
Monolayer
film

Aqueous phase

Solid substrate

Sliding
barrier

Scheme 2 – Hydrophilic Langmuir-Blodgett transfer onto a flat solid substrate extracted from
Roucoules’s work3.

The Langmuir-Blodgett technique leads to thin and uniform organic films of controlled
thickness and high degree of structural order with an excellent reproducibility. Such films can
exhibit various properties (electrical, biological, photochemical…) and many possible
applications have been suggested over years6. However, the main drawback of those films is
linked to their weak mechanical and thermal resistance as well as the possibility to wash them
off the substrate easily with usual organic solvents.
I.1.3 -

Self-assembled monolayers

Since almost thirty years, an easy method to prepare thin and organized organic films called
self-assembled monolayers (SAMs)7 is available. Contrary to the Langmuir-Blodgett films
obtained through a mechanical process, SAMs are formed spontaneously by simply immersing
the appropriate substrate into a solution of the surface-active material8. Those precursor
molecules have a characteristic structure leading to the molecular orientation of the films. As
represented on Scheme 3, the molecules are usually composed of an interface group and a head
group (capable of specific interactions with the substrate) linked by an alkyl chain (or other
molecular skeleton). The driving force for the spontaneous formation of the 2D assembly
includes chemical bond formation of molecules with the surface and Van der Waals interactions
between neighboring chemisorbed molecules.
Air-monolayer interface group

Groups-specific interaction

Alkyl group

Intermolecular interactions (Van der Waals)

Surface-active head group

Chemisorption at the surface
Substrate

Scheme 3 – Representation of the theoretical structure of a SAM.
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According to the nature of head group/substrate couple, various types of SAMs can be
obtained. The most commonly studied are: alkanethiols (R-SH) or sulfides (R-S-S-R and
R-S-R) on gold and silver9, alkoxysilanes on oxides10 and alkenes on silicon11.
Since their discovery in 1983 by Nuzzo and Allara12, SAMs of thiols and dialkyldisulfides
on gold surfaces have constantly attracted a great interest. Investigations showed that long thiol
chains (C18) tend to give film with a thickness close to molecular monolayer (<10 nm) and with
a stable and organized structure (allowed from the weak Au-S bond). Moreover, it has been
demonstrated that the alkyl chains form an inclination angle of 20-35° with the substrate13
(Scheme 4). To date, the formation mechanism and the nature of the bond between the thiol and
gold are not yet fully understood.

Scheme 4 – Structure of a self-assembled monolayer of alkanethiols14.

In the case of SAMs of alkoxysilanes on oxides, the process can be decomposed in two
steps15 as represented on Scheme 5: (i) the organosilane is hydrolyzed by water which is either
pre-adsorbed on the surface or present in the solvent and (ii) the hydrolyzed silanol is adsorbed
via hydrogen bonds and can react with the surface silanol groups at the surface to form a
siloxane Si-O-Si bond.
(i)

(ii)

Scheme 5 – Formation mechanism of SAMs of alkoxysilanes on silica from Duchet’s work15.

Self-assembly is a very attractive technique for the formation of organic coatings. Indeed, it
combines low-cost processes, soft conditions that prevent degradation of the coated molecules
and spontaneous formation of chemical linkages between the molecules and the substrates. Very
stable coatings are obtained with silanes on oxides and alkenes on silicon. In contrast, noble
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metals with sulphur-containing molecules give weak bonds that can be easily broken under
harsh conditions (high temperature, oxidative or reductive potentials, solvents...). Multilayers
can be obtained by sequential steps but self-assembly is the method of choice for the synthesis
of molecular-thick films for a use under moderate conditions with potential applications, for
instance, in surface passivation, microlithography16 or molecular electronics17.
I.1.4 -

Oxidative electrograftings

On top of the well-known methods for surface functionalization with non-polymer organic
layers, oxidative electrograftings also appeared suitable for such purpose from different
reagents: Grignard reagents, carboxylates, amines and alcohols. As deeply described in terms of
mechanism as well as applications in the recent review by Bélanger and Pinson on
electrografting18, those methods for surface modification will be rapidly presented.
I.1.4.1 - Grignard reagents
Anodic electrografting of Grignard reagents (RMgX) has been investigated on silicon (SiH
surface obtained by HF or NH4F treatment). In order to avoid the oxidation of Si, experiments
are performed in oxygen-free conditions. Moreover, as Grignard reagents react rapidly with
water, work is performed is an anhydrous environment. Those particular experimental
conditions constitute the main drawback of this technique. However, SiH surfaces have already
been successfully modified by a large range of Grignard reagents with a methyl19, alkyl20, aryl21
(giving polymer-like grafted films) or vinyl and ethynyl22, 23 (giving polymer films) skeleton.
A simplified electrografting mechanism is presented on Scheme 6. The first step consists in
the oxidation of the organomagnesium compound into a radical (Scheme 6i). The alkyl radical
R● may abstract a hydrogen atom from the hydrogenated silicon surface (Scheme 6ii). The
so-formed radical at the surface can then react with the Grignard reagent or another R● (Scheme
6iii).
(i)
(ii)
(iii)
or
Scheme 6 – Oxidative electrografting of alkyl Grignard reagents on Si extracted from Etcheberry and
coworkers’ work20, (h+ = hole).

I.1.4.2 -

Carboxylates

Only described on carbon (for instance glassy carbon, carbon fibers), the oxidative
electrografting of carboxylates leads to the formation of an attached organic layer. The
mechanism of this process is based on the Kolbe reaction (Scheme 7) which provides dimers by
electrooxidation of carboxylates. However, the electrografting mechanism needs to be clarified.
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Indeed, the growth mechanism of the layer has not been fully explained and questions remain
on the involvement of radicals or carbocations in the grafting reaction.
-

-

Scheme 7 – The Kolbe reaction extracted from Pinson’s review18.

I.1.4.3 - Alcohols
The oxidative electrografting of some alcohols (see references 82-100 herein Pinson’s
review18), for instance, 1-octanol, 1-ω-alkanediols, triethylene glycol, polyvinylalcohol), in
acidic solution (Scheme 8) or aqueous LiClO4 solution, leads to the formation of an organic
layer on carbon (a polymer film is formed only when using the latter reactant).

Scheme 8 – The electrooxidative grafting of alcohols on carbon extracted from Pinson’s review18.

Although not deeply investigated, the mechanism of this process may be based on the
oxidation of the aromatic moieties at the surface of carbon which forms radical cations that
undergo a nucleophilic attack by alcohols. This method has already been applied for instance to
create sensors and limit the adsorption of proteins.
I.1.4.4 - Amines
The oxidative electrografting of amines is an irreversible one-electron redox process leading
to the formation of covalently bound thin organic layers resisting to ultrasonic cleaning24-26. The
efficiency of the electrografting is dependent on the redox potential of the amine, which means
primary amines give better results than secondary and tertiary ones. Concerning the
electrografting mechanism, recent investigations24 have proposed that the initial radical cation
(formed by oxidation at the electrode) deprotonates, thus providing a radical carbon and then an
aminyl radical able to attach to the surface (Scheme 9).

Scheme 9 – The oxidative electrografting mechanism of amines extracted from Pinson’s review18.

The large variety of amines commercially available and the possibility to work in many
solvents make this process very versatile. N-modified surfaces have already been used for
example to develop H2O2 biosensors, pH probes27 or for the immobilization of DNA and
proteins28. However, as for the oxidative electrografting of carboxylates and alcohols, the
method suffers from the limited number of substrates adapted for the reaction i.e. substrates
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withstanding harsh oxidative conditions (> 1 V/SCE for aliphatic amines in aprotic media24)
which are, in this case, limited to carbon, gold and platinum.
I.1.5 -

Reductive electrograftings

To finish the non-exhaustive presentation of the techniques of surface modification by
non-polymer organic coatings, we will succinctly introduce the reductive electrografting
methods of alkyl halides and various onium salts with a strong focus on the electrografting of
diazonium salts.
I.1.5.1 -

Alkyl halides

The electrochemical reduction of alkyl halides offers interesting possibilities for the
synthesis of strongly attached alkyl layers. Efficient in aprotic medium, it was subject to many
investigations with a large variety of molecules (mainly alkyl bromides and iodides) and on
many substrates: glassy carbon, porous hydrogenated silicon and metals (Au, Fe, Cu, Ag, Pd).
In particular, the alkylation of Si surface was shown to improve the chemical stability of the
modified surfaces (against oxidation and corrosion)29.
No general mechanism has unfortunately been proposed for that process, but a few
assumptions can be made (see the electrografting review for a discussion on the mechanism
according to the experimental conditions18). Briefly, the first step consists in the reduction of the
alkyl halide at the electrode which forms the corresponding radical. The second step is likely to
be the grafting of this radical onto the surface but in some cases, it could also be a reduction of
the radical leading to the corresponding anion.
I.1.5.2 - Onium salts (in particular diazonium salts)
The electrochemistry of ammonium, phosphonium, sulfonium, bromonium, iodonium,
xenonium, stilbonium and diazonium salts has been investigated in specific experimental
conditions: solvents, substrates, potentials, temperatures, etc (references 665-699 in Pinson’s
review on electrografting18). Various mechanisms have been proposed according to the onium
salts considered and the electrografting conditions. Xenonium salts are powerful oxidant,
stronger than diazonium salts while phosphonium salts are the least oxidant of all. In the case of
the electrografting of bromonium, iodonium salts and diazonium salts, it is likely that a similar
mechanism is involved.
As aryldiazonium salts (N2+-φ-R) are the molecules at the heart of this work, their reductive
electrografting will be more detailed. Since the first report in 1992 by Delamar, Hitmi, Pinson
and Savéant on carbon surface30, the electrografting of diazonium salts has been widely and
deeply reviewed (Downard31, Tessier14, Pinson and coll.18, 32 and references 233-243 herein the
last review quoted). To date, the techniques have been extended to a large number of surfaces
which can be classified in five groups:
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-

Carbon surfaces (glassy carbon, highly ordered pyrolytic graphite (HOPG), graphene,
carbon fibres, carbon blacks, carbon nanotubes, etc)31, 33-42,

-

Metallic surfaces (noble metals43-46: Pt, Au and other metals33, 47-54: Co, Fe, Cu, Zn, Ni,
Pd),

-

Semi-conductors (Si55-58, GaAs55, diamond59, TiO260),

-

Organic surfaces (Teflon61),

-

Conductive oxides (ITO62).

In addition to the diversity of substrates, the method is also very interesting thanks to the
large amount of functionalities available, the simplicity of synthesis of the precursors and their
low potential of reduction (0.2 to -0.5 V/SCE according to the type of substituent of the
aromatic ring in organic solvent). Indeed, diazonium salts are easy to synthesize (even in situ36,
45, 63

) from the corresponding amines giving a large choice in substituents particularly in para of

the aryldiazonium cation (see II.3.1.1 for more details).
According to the experimental conditions (solvent, substrate, reaction time, concentration in
diazonium salt and potential), the thickness of the grafted films varies from a monolayer of aryl
groups to a few hundred nanometer-thick film. In the latter case, the films obtained are
multilayers of phenyl groups which can be considered tantamount to a polymer-like film of
polyphenylene. In all cases, the film is strongly grafted on the substrate. The covalent nature of
the interface aryl-substrate bond has been demonstrated several times by more or less direct
techniques (see III.2.1.3 for an overview of those studies).
Usually performed in acetonitrile (ACN), this reaction can also be conducted in aqueous
acidic solutions or ionic liquids. From a mechanistic point of view, it was demonstrated that the
electrochemical reduction of the diazonium salt leads to the formation of aryl radicals able to
graft on the electrode (Scheme 10). In the growth process of the films, the aryl radicals react on
top of each other by radical aromatic substitutions (cf IV.2.3.2). Therefore, the electrografting of
polyaryl films follows a chemical radical chain process equivalent to “grafting from”. However,
variations in grafting mechanism can be observed according to the nature of the substrate18 (e.g.
hydrogenated monocrystalline surface of Si(111)56).

+

N2

R

e●

R

R

Scheme 10 – Principle of the reductive electrografting of diazonium salts from Tessier’s work14.

The molecular reductive electrografting of diazonium salts has been investigated with a view
to numerous applications, for instance, protection against corrosion49, chemical sensors,
attachment of biomolecules, microelectronics (see references 473-650 in Pinson’s last review18).
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Recently, some authors have reported the spontaneous grafting (without the use of a
potenstiostat) of aryl radicals on various substrates by simple immersion of the samples. This
method will be described in details in chapter III.
To summarize, the covalent electrografting of diazonium salts has attracted considerable
attention in the last few years due to the numerous advantages of this method: low cost, rapidity,
easiness to set up, diversity of the functions to give to the substrate and large number of possible
substrates.

I.2 -

Polymer organic coatings

Let’s now focus on the most common methods employed to modify the surface of materials
with polymer coatings including physisorption as well as chemisorption techniques. We have
split them in two parts depending on whether the presence of a primer layer on the substrate is
required in the process or not.
I.2.1 -

Direct methods

In this section, various methods allowing the direct formation of polymer films (i.e. straight
on the substrate) will be presented such as the spin coating, dip coating, spray coating and layer
by layer coating which all lead to physisorbed polymer films, but also plasma polymerization
and electrochemical processes (electropolymerisation of conducting polymers, cathodic
electrografting and diazonium based electrografting in presence of vinylic monomers) which
provide covalently grafted polymer films.
I.2.1.1 - Spin coating
Spin-coating is the most widely used technique for organic coating based on polymer
solutions particularly for industrial applications, for instance, photosensitive resins in
lithography for microelectronics, antireflection coatings for flat-screen displays, television tubes
and compact discs.
The technique is very simple to set up and its principle is explained on Scheme 11. An
excess amount of the coating solution is deposited on the substrate which is then accelerated in
order to spread the solution thanks to centrifugal force. Although the spreading phase only lasts
a few seconds, the rotation is maintained longer in order to evacuate the solution at the edges of
the substrate and to reach the desired thickness while the solvent simultaneously evaporates.
Angularvelocity
velocity
Angular
ω
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liquidflow
flow
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Scheme 11 – Principle of the spin-coating technique.
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This technique reproducibly leads to thin polymer films on flat surfaces with controlled
thicknesses. The characteristics of the deposited film (particularly the thickness and
homogeneity) depend on parameters such as the rotation rate, the temperature, the concentration
of the solution, its viscosity, the volatility of the solvent or the atmosphere. Typically, the film
thickness ranges from 1 to 200 µm. However, thinner films can be produced with dilute
solutions and high spinning rates. In comparison to other coating techniques, spin-coating has a
major advantage since it can be performed on large surfaces (with limitations on high roughness
substrates) while still giving continuous and homogenous films. Since the organic film is only
physisorbed on the substrate and can be removed by rinsing in a good solvent of the polymer,
the spin-coating technique is mainly ideal for temporary organic coatings as in the case of
lithographic resins.
I.2.1.2 - Dip coating
The dip-coating technique is a very often used method to obtain thin polymer films (up to a
few hundred micrometers) on flat or cylindrical substrates. It consists in simply immersing the
substrate in a solution of the coating polymer. The polymer layer is deposited when the
substrate is removed from the solution and the film is formed after evaporation of the volatile
solvent (Scheme 12). This reproducible technique leads to the formation of homogeneous films.
The thickness of the polymer layer can be controlled by taking into account the characteristics
of the solution (viscosity forces, surface tension, evaporation speed of the solvent) as well as the
withdrawing speed of the substrate from the solution. The faster the substrate is removed, the
thicker the polymer film.
Withdrawal
speed
Substrate
Thickness

Meniscus

Evaporation

Scheme 12 – Principle of the dip coating technique extracted from Roucoules’s work3.

I.2.1.3 - Spray coating
Spray coating is a technique widely used in the industry to apply coatings, paints,
disinfectants, cleaners, chemicals in particular polymers, powders or other industrial materials to
surfaces with a high accuracy, reliability, repeatability and efficiency. However, similarly to the
two methods presented above, the films can be removed from the substrate by simply washing it
with the appropriated solvent.
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In the case of spray coating of fluids, a spray gun is used to produce the spray by forcing the
fluid under high pressure through a small nozzle. As a result of the friction between the fluid
and the air, the fluid breaks into fragments and then droplets which are blasted on the substrate
(Scheme 13). The factors affecting the deposition include the atomizer orifice size and shape,
the fluid pressure and the fluid viscosity.
Substrate
Atomized fluid

Nozzle

Scheme 13 – Fluid atomization process in spray coating.

I.2.1.4 - Layer by layer coatings
Layer by layer deposition was discovered by Decher in the early nineties64, 65. It leads to the
formation of mixed polymer films by using a couple of polymers which can, in contact, develop
specific interactions, for instance, hydrogen bonds or electrostatic interactions in the case of
polyelectrolytes. Easy to set up, this process has been largely applied notably in the field of
light-emitting diodes66 and biomaterials67.
The construction of films by the layer by layer technique lies on the alternate adsorption of
two different compounds. The cohesion of the film is provided by the complementary chemical
functions borne by the two polymers. In the most common case i.e. the formation of mutilayer
films of polyelectrolytes by dipping, the film is obtained by the alternate immersion of the
substrate in polyelectrolyte solutions (polyanion or polycation) and rinsing solutions (Scheme
14).

1

2

3

1. Polyanion

3. Polycation

2. Wash

4. Wash

4

Scheme 14 – Formation of mutilayers film of polyelectrolytes by the layer by layer process (dipping)
extracted from Decher’s work64.
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The properties of the film depend on the dipping time, the concentrations of the solutions,
the pH, the ionic strength and the temperature. The layers in contact are highly interpenetrated;
hence, the polymer film is resistant to mechanical constraints which allows the formation of
self-supported films by the specific dissolution of the substrate68. Such films are however
sensitive to ionic solutions which may affect the coulombic interactions between the various
layers.
I.2.1.5 - Plasma polymerization
Plasma polymerization (or glow discharge polymerization), known for more than 50 years69,
70

, produces highly robust polymeric coatings. This technique has been widely used for

corrosion protection, scratch-resistant coatings and antisoiling applications71. However, the
deposition rates are generally low and the process is costly.
The fast application of an increasing voltage between the two parallel plate electrodes in the
system induces an abrupt increase in current which leads to the breakdown of the gases in
between the electrodes (Scheme 15). The collisions of high-energy electrons with hydrocarbon
molecules produce reactive species such as positive ions, excited molecular or atomic
fragments, radicals, etc. The emission of photons by excited molecules creates the glow. Strong
chemical linkages are then formed between the reactive species created in the glow and the
substrate which leads to highly adherent films.
Organic gases or vapors
Electrode

Substrate
Electrode

Pumping
Scheme 15 – Principle of plasma polymerization extracted from Roucoules’s work3.

Plasma polymerization depends on the monomer flow rate, the system pressure and
discharge power among other variable parameters such as the geometry of the system, the
reactivity of the starting material, the frequency of the excitation signal and the temperature of
the substrate. Since the glow discharge is very energetic, plasma polymerization can also be
used to produce polymer films from organic gases or vapors that are not regarded as monomers
for conventional polymerization. The final deposit is very different from a conventional
polymer film: the plasma polymer does not contain regular repeated units but branched and
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randomly terminated chains with a high degree of cross-linking. In some cases, free radicals
remain trapped within the highly cross-linked structure and their subsequent recombination
results in ageing of the coating.
I.2.1.6 - Electropolymerisation of conducting polymer
The electropolymerisation of conducting polymer presents some specific advantages:
rapidity, simplicity, absence of catalyst, control of the thickness of the film and possibility to
characterise the growth of the film in situ by electrochemical or spectroscopic techniques.
Researches on conductive polymers were highly motivated with a view to their applications in
technological fields as in photovoltaic cells72 and field effect transistors73.
Among the conducting polymers (characterised by a conjugated system of bonds) composed
of aromatic units as benzene74, aniline or pyrrole75, the polythiophene73, 76 and its derivatives are
the most investigated polymers due to their stability and high conductivity.
The electropolymerization of thiophene occurs via the succession of electrochemical and
chemical steps (Scheme 16). The primer electrochemical step consists in the oxidation of the
monomer in a radical cation at the anode (when the potential is equal or higher than the
oxidation potential of the monomer). The coupling of two radicals leads to the formation of the
dihydrodimer dication which rearranges in the neutral dimer. The rearomatization is the driving
force of the chemical step. The dimer, which can be oxidized more easily than its monomer, is
converted in radical cation and the polymerization carries on until the oligomer becomes
insoluble in the electrolytic medium and precipitates onto the electrode surface.

Scheme 16 – Mechanism of electropolymerization of conducting polymer (thiophene and pyrrole
respectively when X=S and NH) extracted from Roncali’s work76.

I.2.1.7 - Cathodic electrografting of vinylic monomer
As originally shown by Lecayon from 1982 and reviewed by Palacin et al.77, strongly
adhesive polymer films are formed on any conductive surface by cathodic electrografting from
anhydrous solutions of vinylic monomers such as acrylonitrile and acrylates.
It allows the deposition of very thin polymer films (typically between a monolayer and
500 nm) via very strong substrate-molecule links. Contrary to electropolymerization of
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conducting polymers which requires a potential supply throughout deposition to fuel the redox
processes, cathodic electrografting is an electron-initiated process which requires a charged
electrode only for the grafting step, but not for thickening. As a cathodic process, it can
generally be applied to various metallic and semi-conducting substrates without any concern
over oxide formation.
This technique is based on an initiation of polymerisation by electrochemical activation of
the monomer (reduction peak around -2.5 V/Ag/AgCl for acrylates and acrylonitrile). The
reduction of the vinylic monomer gives a radical anion (Scheme 17i) that grafts to the cathode
to give a metastable grafted anion (Scheme 17ii). The grafted anion can react with another
monomer to propagate the grafted polymer chain (Scheme 17iii) or it may also be ejected from
the surface (Scheme 17iv) which frees the radical anion in solution. Then, this free radical anion
evolves by radical-radical coupling into a dianion that starts to polymerize in solution to give
non-grafted polymer chains78. The propagation step is purely chemical and thus independent of
the applied tension. Hence the final thickness of the grafted films only depends on the
experimental conditions: concentration, solvent, temperature…

Scheme 17 – Proposed mechanism of the cathodic electrografting of methacrylic derivates. It shows the
competition between grafting to the surface of the cathode and polymerization in solution14.

The cathodic electrografting of vinylic polymers produces truly grafted polymer films and is
a “grafting from” process as respectively demonstrated by Deniau et al.79 (XPS observation of a
carbon-metal interface bond) and Viel et al.80. Thanks to the local generation of active and
short-living species, the cathodic electrografting of vinylic polymers can be localized which
leads to a few applications for instance in the fabrication of composite surfaces81, locally doped
semiconductors82, lubrication83, heavy metal depollution84 and biological purposes85. Although
this process has significant advantages, it suffers from two main drawbacks which limit its
application particularly in industrial conditions. First, due to its anionic mechanism, it requires
drastic anhydrous conditions. Second, this technique is restricted to the use of vinylic monomer
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bearing electron-withdrawing groups (to stabilize the carbanion formed during the
polymerization) and resisting to highly cathodic potentials.
I.2.1.8 - Diazonium salt based cathodic electrografting in presence of
vinylic monomers: the SEEP process
To overcome the previously mentioned limitations of the cathodic electrografting of vinylic
monomers, several ways were investigated86. First, Deniau and coll.87 demonstrated the
possibility of adding some water to the reactive solution. Second, the synthesis of amphiphilic
acrylic monomers by Jérôme and coworkers88 (incorporation of a positive charge through an
ammonium group and an alkyl chain to an acrylate compound) allowed extending the cathodic
electrografting to aqueous solutions. Electrografted films on carbon surfaces of a few dozen
nanometers were obtained from those molecules playing the role of monomer, surfactant (to
form micellar solutions in water) and initiator at the same time. However, the long synthesis
(several days) of those amphiphilic molecules is the main restriction on the wide use of this
electrografting method. In parallel, a third alternative method was developed in our laboratory
consisting in applying cathodic potentials to a mixture containing both a diazonium salt and a
vinylic monomer either in homogeneous or in emulsion aqueous conditions depending on the
solubility of the monomer89.
This process, called SEEP for surface electroinitiated emulsion polymerization, is a real
improvement of simple cathodic electrografting of vinylic monomers. It has recently been
deeply investigated regarding the structure of the grafted films as well as the electrografting
mechanism14, 90. In a general way, vinylic polymer chains can be grafted on the cathode after a
few voltamperometric cycles (between the rest potential and -1.1 V/SCE in order to allow
diazonium salt and proton reduction but avoid any vinylic double bond electroreduction) from
acidic solutions containing a diazonium salt, the monomer and a surfactant, when the monomer
is not fully soluble in water (Scheme 18).

Scheme 18 – Composition of the initial miniemulsion system of the SEEP process from Deniau’s work90.
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The SEEP process allows to switch from a direct anionic mechanism (classical cathodic
electrografting of vinyl monomers) to a radical pathway thanks to the outstanding properties of
diazonium salts. Indeed, it was demonstrated that aryl radicals (from the electroreduction of the
aromatic diazonium salts) play a double role: (i) attaching onto the electrode surface to form an
essential polyphenylene layer (“grafting from” process) and (ii) initiating the radical
polymerization of the vinylic monomers in solution. It is important to underline that the
initiation of polymerization can also take place through hydrogen radicals obtained by reduction
of protons. The continuous supply in monomer required during the propagation step occurs via
monomer diffusion from the droplets. The final grafted film results from the direct reaction
between those macro-radicals and the primer polyphenylene layer (“grafting to” mechanism). It
can be considered as a bilayered “co-polymer” with a primer layer almost entirely formed by the
aryl moieties and a top-layer, whose thickness depends on the number of applied cycles,
composed of vinylic polymer chains connected to the primer layer and likely cross-linked by
aryl groups.
The SEEP process is an one-pot method working at room temperature, in aqueous medium,
homogeneous or heterogeneous, from available reagents, with low reaction times and providing
various polymer films (whatever the solubility of the initial monomer) strongly grafted but only
on conducting or semi-conducting substrates. It was already successfully applied to a wide
range of acrylate monomers such as acrylonitrile89, acrylic acid89, butyl methacrylate14,

89, 90

,

14

hydroxyethyl methacrylate . SEEP was even proved efficient for the modification of carbon
nanotubes carpets91 with a view to develop selective sensors and for the synthesis of
micrometric hydrophobic/hydrophilic patterned surface92 (Scheme 19).

Scheme 19 – Strategy used to synthesize by SEEP a surface alternating hydrophobic (polymer A) and
hydrophilic (polymer B) micro-areas extracted from Deniau’s work92.
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Patterning of surfaces can also be achieved by slightly varying the SEEP experimental
conditions. For example, it was possible to locally graft vinylic polymer coatings by using
gel-electrolytes93 (Scheme 20). In this case, agarose hydrogel was swelled with mixtures of
diazonium salts and water-soluble vinylic monomers. After drying, the gel was brought into
contact with two electrodes and, the reaction of polymerization occurred by applying a cathodic
potential.
a)

b)

m

Scheme 20 – Optical micrographs of a) a patterned agarose gel and b) the pattern transferred by SEEP on
the gold surface using the patterned gel containing HEMA as anode extracted from Palacin’s work93.

To finish, another way to localize the electrografting is to use a micro-electrode. By using a
AFM-SECM system (atomic force microscope combined with a scanning electrochemical
microscope), Charlier and coll.94 managed to induce localized grafting of organic coatings on a
conducting substrate. The only variation with the SEEP process is the use of a micro-electrode
(AFM-SECM tip) as a counter-electrode CE (Scheme 21a). As deeply described in a recent
study95, in this configuration, it was possible to draw lines and curves with a submicrometer
resolution using the tip as a pencil to direct the electrografting of the “co-polymer” film
(Scheme 21b and c).
a)

b)

c)

240 nm

Scheme 21 – a) Schematic of the electrografting reaction mediated by the AFM-SECM tip with ArN2+:
aryl diazonium salt, Ar●: aryl radical, AA: acrylic acid monomer, PAA: polyacrylic acid film; b) Phase
AFM image of the line pattern drawn with the AFM-SECM tip on the gold surface in the case of the
direct aryl diazonium salt/acrylic acid reduction; c) Thickness profile of the line pattern, extracted from
Charlier’s work94.
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I.2.2 -

Indirect methods

A wide range of polymer grafting can be performed through primer layers (films already
attached to the substrate). The substituents borne by the molecules initially grafted on the
sample can be used as reacting sites to promote selective attachment or start controlled
polymerization. In this part, we will focus on the presentation of techniques using primer layer
of precursors to form polymer films. Therefore we will not develop post-functionalization
techniques of those layers with various materials (molecules or nano-objects). The reader can
refer to the reviews of Pinson18 or Chehimi96 for more information on the post-functionalization
of substituted phenyl layers from diazonium salts. The indirect formation of polymer films on
substrates can be achieved by the grafting of polymers to surfaces by a “grafting to” process or
by surface-initiated polymerization (SIP). However, as Klok and coworkers97 have recently
published a very complete review on the synthesis, characterization, properties and applications
of polymer brushes via surface-initiated controlled radical polymerization, we will not go into
too many details in the presentation of those methods. Moreover, although the second step is a
classical SIP, the formation of polymer coatings from polydopamine primer layer will be
described in a separate part at the end of this chapter since, in our opinion, it constitutes a real
breakthrough in the field of surface functionalization by polymer films.
I.2.2.1 - Grafting of polymers: “grafting to”
As example of “grafting to” procedures, Adenier and coworkers98 presented the modification
of an iron surface by polystryrene (PS) via an electrostatic bonding. On a substrate grafted with
carboxyphenyl groups, Mg2+ ions and a solution containing a polymer (composed of
carboxylates groups and a double bond) were mechanically deposited inducing the formation of
an electrostatic bonding between the carboxylate groups on the surface and the polymer. Then,
by adding styrene and irradiating the solution, it is possible to cross-link the polymer by
copolymerization with styrene providing a PS strongly grafted to the iron surface (Scheme 22).

Scheme 22 – Structure of metal polymer composite presented by Adenier et al.98.
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Another indirect technique for “grafting to” surface modification by polymer films is click
chemistry. As stated by Chehimi and coll.96, “compared to various methods for binding thin
films of preformed end-functionalized macromolecules onto surfaces, it is indeed simple, fast,
selective and permits the incorporation of various functional polymers avoiding side reactions”.
Li et al.99 have successfully functionalized single-walled carbon nanotubes (SWNT) with
polystyrene. Alkyne groups were introduced on the surface of single-walled carbon nanotubes
while in parallel azide-terminated polystyrene was synthesized. The modified-PS was clicked to
the alkynylated SWNT (Huisgen 1,3-cycloaddition catalysed by Cu(I)) leading to SWNT with
a high polystyrene grafting density, a full control over polymer molecular weight and a good
stability in organic solvents (Scheme 23).

Scheme 23 – Principle of the grafting of polystyrene onto single-walled carbon nanotubes by click
chemistry, (i) Isoamyl nitrite, 60 °C; (ii) EBiB, CuBr/BPy, DMF, 110 °C; (iii) NaN3, DMF, room
temperature; (iv) Cu(I), DMF extracted from Adronov’s work99.

In a similar way, a tandem diazonium salt/click chemistry process has been proposed to
synthesize OEG (oligoethylene glycols) and FEG (perfluorinated ethylene glycol)
polymer-modified gold surfaces100. However, contrary to the previous example, in this case, the
azide group (obtained from Br by nucleophilic attack of N3-) is borne by the electrografted
molecules from the primer layer whereas the polymers to attach are mono or bi-substituted with
an alkyne group (Scheme 24).

Scheme 24 – Principle of the functionalization of gold surface with OEG and FEG by tandem diazonium
salt /click chemistry extracted from Chehimi’s work100.
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I.2.2.2 - Surface-initiated polymerization (SIP): “grafting from”
An indirect method for surface functionalization with polymers can also be based on the
promotion of the polymerization of monomers directly from initiators already attached to
surfaces. Such process is called surface-initiated polymerization (SIP). It leads to the formation
of polymer brushes i.e. polymer chains tethered by one end to a surface. Nearly all
polymerization techniques that have been developed in solution have now been adapted for SIP.
Polymer brushes can for example be prepared by: free radical polymerization101, cationic
polymerization102,

anionic

polymerization102,

ring-opening

103

metathesis

polymerization

104

(ROMP) , nitroxide-mediated polymerization (NMP) , reversible addition-fragmentation
polymerization (RAFT)104, atom transfer radical polymerization (ATRP)104. All these methods
are suitable for polymerizing different types of monomers on a variety of surfaces and particles.
Hence, we will restrict the presentation of SIP to a few examples of the most employed
techniques.
Surface-initiated nitroxide-mediated polymerization (SI-NMP)
As ATRP and RAFT, NMP is a controlled radical polymerization process based on a
dynamic equilibrium between dormant species and active radicals. In this case, alkoxyamine
initiators can thermally dissociate in a carbonated initiator radical as well as a stable nitroxide
radical and the control of the NMP process relies on the reversible capture of the propagating
species by nitroxides with formation of dormant chains (alkoxyamines).
Husseman et al.105 were the first, in 1999, to report the application of NMP to
surface-initiated graft polymerization. From the attachment on the substrate of a
TEMPO-derivated alkoxyamine (thanks to the reaction between a chlorosilane and surface
silanol groups of silicon wafers or silica gel particles), they successfully grafted dense
polystyrene polymer brushes. A free alkoxyamine was added to control the polymerization. The
coating of the initiators on the surface is a key point in order to improve the polymer grafting
density. Therefore, methods such as the Langmuir-Blogdgett technique106 or cathodic
electrografting107 were also used to immobilize the initiating molecules. For example, Jérôme
and coworkers prepared random copolymer brushes adherent to stainless steel by cathodic
electrografting of an alkoxyamine containing acrylate followed with the nitroxide-mediated
controlled radical copolymerization of styrene (Sty) (or n-butyl acrylate (BuA)) and 2(dimethylamino ethyl)acrylate (DAEA) (Scheme 25).
SI-NMP is a method allowing the controlled fabrication of polymer brushes without the
addition of further catalyst. However, it often requires the careful selection and the synthesis of
the mediating radical, according to the monomer used.
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Scheme 25 – Combination of cathodic electrografting (Ec) and NMP extracted from Jérôme’s work108.

Surface-initiated reversible addition-fragmentation polymerization (SI-RAFT)
The first application of RAFT to surface-initiated polymerization was shown by Baum and
Brittain109. They synthesized brushes of polystyrene, PMMA, poly(N,N-dimethylacrylamide)
and their copolymers on silicate surfaces from a substrate-immobilized free azo initiator. As for
SI-NMP, to control the graft polymerization, a chain transfer agent (dithiobenzoate) was added
(Scheme 26). Like in solution RAFT polymerization, the introduction of a free initiator (AIBN)
was found advantageous.

MMA

Scheme 26 – SI-RAFT polymerization from a free radical-modified surface from Klok’s review97.

The use of free radical initiator-modified substrates is not the only method to carry out
SI-RAFT. Li and coworkers110 have recently shown SI-RAFT from surface-immobilized RAFT
agents on silica particles (Scheme 27). In this case, the immobilization of the chain transfer
agent was performed by silane coupling. However, the RAFT agent can be immobilized by
different

ways

including

electrochemical

processes

as

electrodeposition111

and

112

electropolymerization of thiophene . The SI-RAFT polymerization has been recently used for
the synthesis of water-soluble SWNTs (SWNT-polyacrylamide composite)113 as well as protein
and cell-resistant coatings for biomedical devices111.
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Scheme 27 – SI-RAFT polymerization from a surface-immobilized RAFT agent from Klok’s review97

In

comparison

with

other

controlled

radical

polymerization

techniques,

RAFT

polymerization is extremely versatile. However, it has a main drawback: the chain transfer
agents are generally not commercially available and synthesized via multiple steps.
Surface-initiated atom transfer radical polymerization (SI-ATRP)
Controlled atom transfer radical polymerization is certainly the technique the most applied to
SIP. Polymer brushes were obtained on a large variety of materials from flat surfaces to
particles or porous materials. SI-ATRP relies on a reversible redox activation between
immobilizing initiating dormant species (usually bearing Cl or Br) or grown dormant chains and
a transition metal complex leading to a halogen transfer as illustrated by Scheme 28. Monomer
units can attach on the so-formed propagating radical until it captures a halogen atom to be a
dormant chain.

Scheme 28 – Illustration of ATRP extracted from Surface-Initiated Polymerization I104.

Huang and Wirth were the first, in 1997, to report the formation of polymer brushes by
SI-ATRP114. From a self-assembled benzyl chloride monolayer on silica gel, they successfully
grafted polyacrylamide on the silica surface. They were closely followed by Ejaz and
coworkers115 who showed the growth of PMMA brushes on a silicon wafer initiated from ATRP
initiators immobilized by the Langmuir-Blodgett technique. Gold substrates modified by
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self-assembled monolayers (SAM) of thiols have also been used to achieve SI-ATRP. For
instance, diblock polymer brushes on gold were obtained by SI-ATRP of the two monomers one
after the other116. Through surface-initiated polymerization of methyl and glycidyl methacrylate
in aqueous medium on gold, the authors demonstrated a linear relationship between initiator
density and the growth rate of the polymer brush formed117. By comparing SI-ATRP initiated
from SAM of thiols to cathodic electrografting, Palacin and coll.118 concluded that those two
techniques were valuable tools for the grafting of organic coatings on conductive surfaces but
with different scope of applications due to differences in strengths and weaknesses of those two
processes.
Lately, Matrab et al.119 have opened a new route (Scheme 29) for the immobilization of
ATRP initiators based on the electrochemistry of brominated aryldiazonium salts (see I.1.5.2).
Such method can be applied to a wide range of materials (different from silica and gold) such as
iron119, stainless steel120 and carbonated materials120-122. It gives primer-layers with high density
of initiators, strongly adherent to the substrate and resistant to high temperature and
ultrasonication. An investigation on the influence of several experimental parameters has
recently been conducted by Iruthayaraj et al.120. From the variation of the thickness of the
polymer brush as a function of the surface concentration of bromine reactive sites on the
surface, they showed a gradual mushroom to brush transition of the chains grafted on the
substrate. As detailed in Chehimi’s review96, this tandem diazonium salt/ATRP approach is
suitable for the formation of polymer brushes in various fields of applications including stents
(vascular prosthesis), capture of metal ions or optical sensors.

Scheme 29 – Principle of the tandem diazonium salt electrochemistry and ATRP from Matrab’s work119.
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SI-ATRP not only provides the control of the chain length of polymer brushes but also high
grafting densities. As summarized by Klok and coll.97, SI-ATRP is well-adapted for the
preparation of polymer brushes and very versatile since a large range of monomers and
functional groups are compatible with this technique. It is still efficient when working with a
high degree of impurities and avoids the formation of non-grafted chains in solution. Finally,
ATRP initiators are in general commercially available or easy to synthesize. However,
SI-ATRP presents some limitations. It cannot be used with monomers able to react or complex
with the metal transition catalyst (pyridine or acidic monomers). Besides, it can be difficult to
wash off this metal catalyst from the polymer brush which could be damaging to potential
applications in biomedical or the electronics industry.
Surface-initiated photopolymerization (SIPP)
As deeply described by Dyer123, surface initiated polymerization was carried out with a large
range of common photoinitiators bonded to the substrate in particular peroxide,
benzophenone124 and AIBN-type125 as well as on a wide variety of surfaces: gold, organic
polymers, silicon oxide (including glass)... For instance, the SIPP of styrene124,

126

, methyl

methacrylate127, acrylonitrile125 were reported on gold from SAMs of photoinitiators. An
alternative approach has recently been proposed by Chehimi and coll.128. As represented on
Scheme 30, from the electrografting of benzoylphenyl moieties (reduction of diazonium salt) on
gold-coated silicon wafer in presence of tertiary amine in solution (photosensitizer added to
abstract hydrogen atoms from the substrate), they obtained PS, PMMA and PHEMA grafted
films. It is worth noting that, in the last case, a 100 nm-thick film was formed in chloroform in
approximately 1h.
+ e-

Scheme 30 – Tandem diazonium salt electrografting/SIPP on gold in presence of a co-initiator (RH) as
extracted from Chehimi’s work128.
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Surface-initiated photopolymerization shows several advantages. It is a fast process. It can
be performed in a simple way at room temperature, applied to a wide range of monomers, on
various types of substrates and from photoinitiators grafted or in solution. However, the
potential occurrence of shaded regions might lead to defects in the grafted films.
I.2.2.3 - Process based on polydopamine functionalized substrates
In this section, we will focus on a recently discovered and a very powerful process to
synthesize strongly adherent polymer films on any type of surfaces. It is a method based on the
polymerisation of dopamine. Polydopamine coated layers could be used on their own. However,
they are especially interesting for post-functionalization since it leads to the formation of
coatings on any type of material combining a strong adhesion (from the primer layer) and the
properties of the added film. Therefore, we will describe two-step methods based on the
modification of polydopamine functionalized substrates.
The first step of this process is based on a recently reported work129,

130

to obtain

polydopamine coatings on any type of materials from noble metals, native oxide surfaces,
oxides, semiconductors, ceramics to polymers. This method, inspired from mussels’ adhesion
properties to marine surfaces, relies on the spontaneous formation of a highly adhesive thin
polymer films from simple immersion of the substrates in buffered solution or ammonium
persulfate aqueous solution of dopamine (the latter oxidizing conditions favoring shorter
reaction times131). Indeed, dopamine is a small molecule containing both alkylamine and
catechol functionalities which mimic the structure of the mussels’ foot protein. Although the
exact mechanism for dopamine self-polymerization is still unknown, it is likely to involve
oxidation of the catechol to quinone, followed by polymerization in a manner reminiscent of
melanine formation (Scheme 31), which occurs through polymerization of structurally similar
compounds (reference 25 herein Lee’s work129).

Oxidant

Polymerization

Scheme 31 – Multifunctional coating formation by oxidant-induced dopamine polymerization extracted
from Zhao’s work131.

So far, this method has been demonstrated to be suitable for the patterning of surfaces132 but
also to constitute a very interesting reactive platform for further secondary treatments widening
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the scope of applications. Particularly, the grafting of polymer ad-layers onto such surfaces has
been achieved using thiol- or amine-functionalized polymers in the secondary step leading for
example to the formation of fouling-resistant surfaces129 or PEG coated capillaries for
separation of proteins in capillary electrophoresis133. More recently, polydopamine coatings
have been used by Wang et al.134 to immobilize an ATRP initiator and perform the
polymerization of poly(acrylic acid) adding a strong attachment of the polymer coating on top
of the usual advantages of ATRP.

Summary
We have described the most common techniques used for the surface functionalization of
materials by organic coatings including physisorption as well as chemisorption methods. In
particular, the use of diazonium salts as coupling agent for bonding polymers to surfaces has
permitted to significantly improve a few processes such as surface-initiated polymerization
techniques or cathodic electrografting with the recent development of the SEEP process.
In this context, we have investigated a new approach, i.e. an anchoring process based on
diazonium salts, for the chemical grafting of aryl layers but more important the surface
modification by polymers of any type of materials. This recently developed technique is, to our
opinion, very promising since it overcomes the main limitations or drawbacks of the methods
previously presented such as weakly bonded coating (as for physisorption methods), restrictive
conditions (in the case of cathodic electrografting), constraints in term of substrate (mainly for
electrochemical techniques) and multiple steps (regarding surface-initiated polymerization).
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Chapter II – Presentation of the chemical anchoring process

What is a chemical anchoring process based on diazonium salts? This chapter aims at
answering this question. First of all, the progression that has led to the creation of the anchoring
method based on diazonium salts and particularly the GraftfastTM process will be developed.
The advantages of such process will be demonstrated. To finish, its principle will be detailed,
the main components will be presented and characterized.

II.1 - Origin and principle of the chemical anchoring process
The grafting of polymers on surfaces is a major research topic of our laboratory and has thus
been widely studied especially through the cathodic electrografting of vinylic monomers and,
more recently, through a process called SEEP standing for Surface Electroinitiated Emulsion
Polymerization. As mentioned in I.2.1.7, the cathodic electrografting of vinylic monomers1
gives strongly adhesive polymer films on any conducting or semi-conducting surface from
anhydrous solutions of vinylic monomers. Overcoming the limitations of this process coming
from the inherent mechanism of the reaction (anionic polymerization) has led to work with
diazonium salts and to invent the SEEP process2-4 (see I.2.1.8). Indeed, this electroiniated
radical polymerization process works in dispersed aqueous media and with a wide range of
monomers. However, both processes, as electrochemical procedures, are limited in terms of
substrates. To open the route towards the grafting of any type of surfaces from conductors to
insulators, a method employing a reducing agent in solution was developed to activate the
diazonium salts.
Such as its electrochemical counterpart process SEEP, this new procedure5, called
GraftfastTM, is a radical polymerization process based on the reduction of diazonium salts
generating radicals able to initiate the polymerization in solution of vinylic monomers. The
nature of the films obtained ranges from poly(meth)acrylates (the main family of polymers
grafted by cathodic electrografting) to all polymers that can be synthesized by radical
polymerization. GraftfastTM leads to grafted polymer films from a short one-step reaction
occurring at atmospheric pressure, at room temperature, in water and requiring no external
energy source.
Literally, the name GraftfastTM is employed to describe the anchoring process mixing a
diazonium salt, a reducing agent with or without a vinylic monomer in solution. However, for
the sake of clarity, we will only call GraftfastTM the process involving a vinylic monomer. The
anchoring process employing the diazonium salt uniquely in presence of a reducing agent will
be simply named “redox-induced process” and the grafting using only the diazonium salt is a
“spontaneous” process. Both were also studied and will be discussed in this thesis.
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To date, only a few methods comparable to GraftfastTM exist. The closest one is a bioinspired
method based on the self-polymerization of dopamine (cf I.2.2.3) which can be followed by a
classical polymerization6. However, unlike GraftfastTM, the formation of polymer films on the
surface of materials using dopamine requires a two-step (at least) reaction and involves long
reaction times.

II.2 - Advantages of the chemical anchoring process
In order to understand the interest of this work, it is important to have an overview of the
potentialities of the process. Among the methods to functionalize materials by polymer films,
GraftfastTM appears to be a powerful process since it was successfully applied to a large variety
of materials and, as demonstrated by previous works5, 7, it enables to control the thickness of the
films, the surface properties of the substrates as well as the localization of the grafting.
II.2.1 -

Type of materials

Theoretically, GraftfastTM can suit any type of surface, insulators or conductors. The process
has been widely applied on conducting or semi-conducting substrates such as, for example, on
nickel, zinc, platinum, stainless steel (inox), titanium, gold, carbon fibres and aluminium as
illustrated in Figure 1 but also on nano-objects such as carpets of multiwalled carbon nanotubes8
(Figure 2). Insulating materials from glass to Teflon® (PTFE), both detailed in II.2.2.2,
including plastics, cellulose (wood, paper) or cotton have also been grafted by this method.

Figure 1 – Conducting or semi-conducting substrates successfully grafted by the GraftfastTM process7.
Some of the grafted films are visible to the naked eye as for graftings on Ni or Pt where the films are
located on the darkest area of the substrate.

a)

b)

c)
d)

20 nm

Figure 2 – SEM images a) and b) before grafting (different magnifications) and c) after grafting. TEM
image of the grafted nanotubes is shown in d). The dashed line corresponds to the interface
polymer/nanotube7.
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II.2.2 -

Parameters controlled in the process
II.2.2.1 - Control of the thickness

The initial study on the GraftfastTM process conducted by Mévellec et al.5 has demonstrated
that the intensity of the IR band characteristic of the grafted polymer increased with the reaction
time and has established a correlation between the intensity of the IR band and the film
thickness. Therefore, they proved that by controlling the reaction time, the thickness of the
grafted films can be tailored.
II.2.2.2 - Control of the surface properties
One of the main purposes of surface modification is, without any doubt, to tailor the surface
properties of materials. As an example, for some industrial applications, the production of glass
with a hydrophobic surface can be a major issue. With the GraftfastTM process, this
transformation of the glass surface has been achieved by the grafting of an hydrophobic polymer
(poly(butyl methacrylate) PBMA) as shown in Figure 3a. The opposite surface modification
consisting in changing a hydrophobic surface into a hydrophilic one has also been successfully
carried out on Teflon® (Figure 3b). The process is a very promising method for surface
modifications. Thus, it is easy to understand why this chemically-initiated process attracts
considerable attention in many fields of applications such as biomedical and biotechnologies,
polymer metallization, lubrication...
a) Glass

20°

84°

b) Teflon®

110°

52°

Figure 3 – Contact angle measurements of a) glass before and after modification with PBMA and b)
Teflon® before and after modification with PAA5.

II.2.2.3 - Simultaneous and sequential grafting
Thanks to this process, it is also possible to combine the characteristic properties of two or
more polymers by either introducing them simultaneously or one after the other in solution. In
the first case, by adding simultaneously various monomers, a non-ordered mixture of the two
polymers grafted on the substrate can be obtained, bringing different surface groups with
potentially different reactivity or properties. In the second case, a multilayer-like polymer film
is built which allows combining the bulk properties of the first polymer introduced and the
surface properties of the last one. In both cases the range of applications of such grafted
materials is widen.
II.2.2.4 - Localized grafting
Another important asset of this anchoring process lies in the control of the localization of the
grafting. Indeed, as the radical moieties involved in the process are prone to graft on any
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surface, transient masking methods based on poorly adherent films can be used to prevent the
covalent grafting in designated areas of the full substrate. First of all, in order to test the validity
of lift-off processes, we demonstrated the possibility of using a commercial ink simply drawn
on a metallic substrate as a chemical mask to protect designated areas from the chemical
grafting of polymers by GraftfastTM. Then we confirmed that using microcontact printed
alkanethiols SAMs as sacrificial layers, gold surfaces can be patterned by the GraftfastTM
process as illustrated in Figure 4. Therefore, using common lift-off techniques in addition to the
GraftfastTM process, the localization of polymer grafting has been achieved which opens the
route towards applications requiring patterned surfaces9.
a)

b)

PHEMA

Gold

PHEMA

Figure 4 – The optical micrograph of a gold plate coated with a thiol mask with triangular patterns after
treatment by GraftfastTM in the presence of HEMA and removal of a mask is shown in a). Dark zones
correspond to the polymer while the clear ones correspond to non-covered gold. The graph (b) is the
AFM profile obtained between covered and non-covered zones schematically represented in dashed line
on a)9.

II.3 - Main components of the chemical anchoring process in details
As illustrated by Scheme 32, carrying out a typical GraftfastTM experiment consists in
choosing: the diazonium salt, the reducing agent, the vinylic monomer, the substrate, possibly
the solvent and adjusting the concentration of each reactant, the reaction time but also, if
necessary, the temperature, the atmosphere, the bubbling of the solution with different gases, its
stirring, its exposure to light ... Each parameter can influence the film grafting and has thus to be
selected carefully according to the aim of the work. Therefore, this section will focus on a
general presentation of the main components of the GraftfastTM procedure as well as a detailed
characterization of the selected compounds in this work. The data gathered from this part will
have to be kept in mind for further considerations and interpretations of results obtained in the
following studies.
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Scheme 32 – A typical GraftfastTM experiment.

II.3.1 -

Diazonium salt

A diazo compound is an aliphatic, aromatic or heterocyclic compound in which a -N2 group
is attach to a carbon atom. In 1858, Peter Griess discovered aromatic diazonium compounds
(RN2+X-)10. Conjugation with the aromatic cycle π-electrons makes aryl diazonium ions much
more stable11 than their aliphatic counterparts which are potentially explosive when dry12 and
therefore rarely used in classic organic chemistry13-15. In contrast to all alkyl diazonium ions,
aromatic diazonium salts are not Brønsted acids but Lewis acids10. The diazonium moiety (N2+)
is reported to be the most electron-withdrawing substituent known16. Consequently, diazonium
salts take part in a large variety of reactions17-19 in particular nucleophilic additions on the
β-nitrogen of the diazonium, nucleophilic substitutions20 and azo coupling. Important industrial
applications have arisen from those reactions including intermediates or end products such as
azo dyes10.
II.3.1.1 - Diazoniation reactions
A few para-substituted aromatic diazonium salts are commercially available among them
4-bromo, nitro or methoxy benzenediazonium tetrafluoroborate (BF4- is known to stabilize
diazonium salts10). A range of di-substituted or complex aromatic diazonium salts can also be
found. However, to synthesize and isolate aromatic diazonium compounds (diazoniation
reaction), a number of distinct methods are known18. The more common one consists in the
reaction of sodium nitrite on an aryl amine in acidic media at 0°C (Scheme 33)10, 18.

R

NH2 + 2HX + NaNO2

H2O
0°C
R

N

N,X- + NaX + 2H2O

(X= Cl, Br, HSO4, ClO4, ...)

Scheme 33 – Typical diazoniation reaction.

Other methods such as NOBF4 in ACN at 0°C or BF3OEt2/t-BuONO in THF at -40°C21 in
presence of the appropriated aryl amine can also be employed depending on the nature of the
diazonium salt and its associated counterion desired. To finish, it is important to underline that
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the first two diazoniation methods described above can be used to synthesize the diazonium salt
in-situ i.e. in the reactive solution consuming the diazonium salt. This kind of method is known
as one-pot reaction22, 23.
II.3.1.2 - Dediazoniation reactions
Among the variety of reactions based on diazonium salts, dediazoniation reactions (referring
to reactions involving the loss of dinitrogen) have attracted much interest. They may take place
following either a heterolytic or a homolytic mechanism (Scheme 34)10, 17.
R

a)

+

+ N2

.

+ N2

R
N

N

b)

e-

R

Scheme 34 – Dediazoniation through a a) heterolytic and b) homolytic mechanism.

The heterolytic dediazoniation pathway is the most likely mechanism in the degradation of
diazonium salts in solution as it forms a very stable product N2 in addition to a metastable
intermediate, the aryl cation leading to, for example, phenols24. Heterolytic cleavage of the C-N
bond can also be involved in solvolytic or thermal reactions25, 26. As known by organic chemists,
carrying out a homolytic dediazoniation requires an electron transfer which can be induced, for
instance, by photochemistry27, by the solvent17, by a reduction at an electrode17, 28 or by reducing
agents29,

30

(metal cations31, anions10, H3PO232-34...). However, according to the reaction

conditions, a competition or coexistence of the two mechanisms is always possible.
To finish, for further understanding, it is important to be aware that an electron transfer
(homolytic dediazoniation) from a reducing agent (Red) to an aryldiazonium salt may actually
follow two fundamental mechanisms17, 30. Represented in Scheme 35, they are described as
inner-sphere (or bonded electron transfer process proceeding through a linkage between the two
redox partners) and outer-sphere electron transfer pathway (in which chemical moieties always
remain separated species). The most likely mechanism strongly depends on experimental
conditions. For instance, I- and H2PO2- which are considered as good anionic reducing agents
would favor direct electron transfers (outer-sphere) whereas nucleophilic anions would prefer
forming an adduct (inner-sphere).
R
N

Inner-sphere

N

R
N

N + Red

Outer-sphere

R

Red
R
N

.

.

+ Red

N

Scheme 35 – Electron transfer mechanism in homolytic dediazoniation.
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II.3.1.3 - 4-nitrobenzenediazonium tetrafluoroborate
In order to study the mechanism of the anchoring process, we focused on experiments
performed from the dediazoniation of, mainly, 4-nitrobenzene diazonium tetrafluoroborate
(NBDT). Indeed, as NBDT is commercially available, we did not have to consider on top of the
dediazoniation based reactions its in-situ formation. Furthermore, the nitro groups are easily
identifiable by IR-ATR (see appendix 1 for more details on data acquisition), as the asymmetric
and symmetric stretching vibration bands νasNO2 and νsNO2 are intense absorption bands and the
binding energy of the N-O bond in nitro group in N 1s core level XPS spectra could not be
confused with nitrogen contained in the substrates or eventual nitrogenous contaminations on
their surfaces. In addition, no reducing agent or monomer bearing nitro groups was used. Hence,
this group was characteristic of moieties only coming from the diazonium salt, which was an
important asset in the understanding of the anchoring process mechanism. In addition, a study
on the electrografting of diazonium salts conducted by Combellas35, 36, consisting in sterically
hindering different positions of the diazonium ions, has shown that using a para-substituted
aromatic ring favors the growth of the grafted layer. To finish, NBDT has one of the highest
reduction potential among known diazonium salts37,

38

(i.e. with the greater affinity for

electrons) which therefore allows a wider choice in the reducing agent. Therefore, the
4-nitrobenzene diazonium salt was selected and the main parameters having a potential
influence on its reaction characterized. For instance, its reprecipitation was examined; its
stability in various aqueous media was tested and its reduction potential was measured.
Reprecipitation
As received, the commercial 4-nitrobenzene diazonium tetrafluoroborate has a color varying
from light to very dark orange. This variation of colour is likely to involve a change in the
purity of the compound. Therefore, a classical reprecipitation procedure is employed to free it of
any contaminant as described in the appendix 2 and leads to a pale yellow powder. NMR
analyses as well as UV-visible spectra of the 4-nitrobenzene diazonium tetrafluoroborate
(NBDT) before and after reprecipitation are found to be similar. Moreover, identical
experiments carried out with the reprecipitated and non-reprecipitated diazonium salts roughly
provided the same results. However, since the removal of traces of contaminants by this
procedure may have shortened the list of species in solution, decreased the influence of
interfering reactions and so simplified interpretations in solutions studies, the reprecipitation of
the 4-nitrobenzene diazonium tetrafluoroborate was always undertaken prior to use.
Stability in various aqueous solvents
Diazonium salts are claimed to be perfectly stable in acidic aqueous solutions (pH < 2) and
at low temperature (around 5°C). Therefore, in order to test the stability of NBDT at room
temperature and in the solvents used in GraftfastTM experiments, UV-visible absorption
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spectrometry was performed. The typical solvents used in the anchoring process tested were:
deionized water (pH = 5.5), HCl (0.1 M – pH = 1) and H2SO4 (0.05 M – pH = 1). A typical
UV-visible absorption spectrum of NBDT in water is shown in Figure 5. It displays two
absorption bands: the main one centred at λ = 260 nm (for the more intense band) and a
shoulder at λ = 313 nm39-42. First of all, the molar extinction coefficients at 260 nm in each
solvent were experimentally determined using the Beer-Lambert law and four NBDT solutions
with precise concentrations from 10-4 M to 10-5 M. They have been found in accordance with
the values from the literature and are reported in Table 1.
1.8

λ = 260 nm

NBDT in H2O DI

1.6

Absorbance

1.4
1.2
1.0
0.8
0.6
0.4

λ = 313 nm

0.2
0.0
250

300

350

400

450

500

Wavelength (nm)

Figure 5 – Typical UV spectrum of NBDT in water.
Table 1 – Values of molar extinction coefficient at 260 nm (ε260) of 4-nitrobenzene diazonium
tetrafluoroborate at room temperature in various solvents determined from our experiments and from the
literature.
Solvent

Molar Extinction Coefficient
(L.mol-1.cm-1)

Value from the literature
(L.mol-1.cm-1)

H2O DI

17700 ± 60

-

HCl

17200 ± 55

1640041

H2SO4

15900 ± 50

-

Then, the decomposition of NBDT in those three solvents, at room temperature, ambient
light and air was followed with time for 1 h, which corresponds to the usual reaction time of the
anchoring experiments (Figure 6). A decrease in the NBDT concentration (determined from the
peak at 260 nm) of 0.9 % of its initial value was calculated for the experiment performed in H2O
DI and 0.4 % when carried out in H2SO4. The evolution of the shape of the signal around
313 nm for the experiment in water will be discussed in the next paragraph. On the contrary,
strong evidence of NBDT decomposition was found in HCl solution. Indeed, a drop of 6 % of
the initial NBDT concentration was registered after 1 h. The most significant reason that leads
to this drop-off is the possible involvement of the acid in an interfering reaction known to form
chloroaryls18. However, this decomposition will be considered weak enough to be neglected
when performing 1h experiments in HCl.
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Figure 6 – Variations of the concentration (based on the absorbance value at 260 nm) over 1 h of NBDT
(C = 10-4 M) in H2O DI, HCl (0.5 M – pH = 0.3) and H2SO4 (0.25M – pH = 0.3) solutions.

In order to evaluate the possibility of keeping NBDT solutions for several sets of
experiments, the same experiments were performed over 7 h in the same solvents. A decrease of
5 % in H2SO4, 36 % in HCl and 39 % in H2O DI of the initial NBDT concentration was
detected. Figure 7 clearly represents this important degradation of the diazonium salt in H2O DI.
Besides, the drop of absorbance at 260 nm, a widening and an increase in intensity of the second
absorption band at 313 nm was also observed on Figure 7 which stems from the creation of a
compound absorbing in this range of wavelengths, assumed to be nitrophenol (Figure 8). The
presence of an isosbestic point in Figure 7 indicates the direct transformation of the diazonium
salt into nitrophenol. Finally, nucleophilic additions on the nitrogen atom leading to the
formation of conjugated azo compounds as well as an azo coupling between the nitrophenol
formed and the residual diazonium might be potential ways to explain the slight increasing
absorption around 400 nm.
1.8
1.6

λ=260nm

t=0
t=1h
t=2h
t=4h
t=5h
t=6h
t=7h

Absorbance

1.4
1.2
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0.6

λ=313-318nm

0.4
0.2
0.0

H2O DI

250
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400

450

500

Wavelength (nm)

Figure 7 – Variations over 7 h of the UV-visible absorption of NBDT (C = 10-4 M) in H2O DI, (spectrum
captured every hour).

Thus, nitrophenol is a likely product of degradation of NBDT since diazonium salts in
aqueous solutions are well known to decompose into phenols24,

43

by a heterolytic

dediazoniation pathway as represented on Scheme 36.
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NO2

NO2
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- H+

+ H2O
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OH
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Scheme 36 – Decomposition of 4-nitrobenzene diazonium in aqueous solution.

The UV-visible spectrum of 4-nitrophenol in H2O DI (Figure 8) displayed a main absorption
band at 318 nm. Therefore, it is likely that this band contributes to the widening and increase of
the signal in Figure 7 which confirms the formation of nitrophenol in the pathway of NBDT
decomposition in H2O.
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Figure 8 – UV-visible spectrum of 4-nitrophenol in H2O DI.

With the purpose of investigating the rate law for the reaction of NBDT decomposition and
particularly whether it is a first order reaction with respect to the diazonium salt,
ln([NBDT]/[NBDT]0) in H2O DI and H2SO4 was plotted versus time in Figure 9. As the most
likely reaction of degradation (conducting to nitrophenol) is a first order reaction with respect to
NBDT, the following equations should be verified:
-

reaction rate: v = k.[NBDT].[H2O] = k’.[NBDT] (since H2O is the solvent) with k’ the
pseudo rate constant: k’ = k.[H2O]
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-

rate law: ln([NBDT]/[NBDT]0) = -k’.t

-

half-life time: t1/2 = ln(2)/k’.
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Figure 9 – Plots of ln([NBDT]/[NBDT]0) versus time in H2O DI and H2SO4 with [NBDT]0 = 10-4 M

In the case of NBDT in H2SO4, the data formed a line which confirmed the involvement of a
reaction following a first order rate law. A pseudo rate constant of 1.45x10-6 s-1 and a half-life
time of 132 h were calculated. On the other hand, in H2O DI, the decomposition of NBDT rate
law did not match a first order reaction. This result suggested that other competitive reactions
than the formation of nitrophenol might play a role in the diazonium salt degradation.
Therefore, as described previously in the literature, diazonium salts are more stable in acid
solutions (pH < 2) than in H2O DI solutions as a drop of respectively only 5 % of the [NBDT]
concentration and 40 % in 7 h were recorded (Figure 9).
In addition to nitrophenol detected in the UV-visible measurements, gas chromatography mass spectroscopy (GC-MS) experiments performed on NBDT in deionized water demonstrated
the presence of other products of degradation such as 1-fluoro-4-nitrobenzene and
4-nitrobenzene (cf IV.2.2.1). The former compound certainly comes from the Schiemann
reaction (Scheme 37) which is a standard method for the preparation of fluoroaryl compounds10,
17, 18, 44

. The formation of those products of degradation is probably due to the thermal

decomposition of the diazonium salt in the GC-MS injector (heated at 250°C). Therefore, as
most of the experiments in this thesis were carried out at room temperature, their presence
should be limited and not influence the grafting.
hυ or ∆
O2N

N

N + BF4

O2N

F + N2 + BF3

Scheme 37 – Formation of fluoroaryls by the Schiemann reaction.

Regarding all those results, experiments in H2O DI or H2SO4 will be preferred since the
NBDT solution remains fairly stable during the usual time of the experiments. Freshly made
diazonium salt solutions will always be used in order to start with solutions with precise
concentrations and containing a limited amount of nitrophenol.
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Reduction potential
As the anchoring processes studied in this thesis are based on an electron transfer, it is
important to get information on the reduction potential of the 4-nitrobenzene diazonium salt.
NBDT solutions at various pH were electrochemically reduced. The data obtained for a series of
three experiments for each pH are presented on Figure 10. The peak potential Ep tends to
slightly increase with the pH, indicating an easier reduction of the diazonium salt in non-acidic
media. Considering those results, we will consider that the NBDT reduction occurs between
0.25 V and 0.3 V (vs Saturated Calomel Electrode SCE) whatever the pH in the 0-6 range.
HCl
H2SO4

0.34

Ep (V vs SCE)

0.32
0.30
0.28
0.26
0.24
0

1

2

3

4

5

6

pH

Figure 10 – Peak potential (Ep) for the 4-nitrobenzene diazonium tetrafluoroborate reduction in aqueous
solutions (at 0.1 V/s scan rate, SCE, working electrode = gold plate, C = 5 mM) as a function of its pH
(adjusted with HCl or H2SO4). Ep is the potential corresponding to the maximum of current (Ip) in
absolute value. For each pH, the experiment has been repeated three times. Therefore, the dot stands for
the average value of Ep and the error bar represents the range of values found.

II.3.2 -

Reducing agents

Unlike the electrochemical processes, in this anchoring method the electron transfer at the
origin of the diazonium salt reduction is not achieved by the application of an electrical
potential but by a chemical oxidation-reduction (redox) reaction. Therefore, it follows the same
rules as any redox reaction. As a first approximation, all reducing agents with a standard
oxidation potential lower than the reduction potential of the diazonium salt are estimated to be
suitable to operate the homolytic dediazoniation reaction. Among the possible reducing agents,
two different types can be distinguished: the reducing agent acting in heterogeneous phases
(composed by a liquid and a solid) and those operating in homogeneous phase (liquid phase).
II.3.2.1 - Heterogeneous phase
The reducing agents working in heterogeneous phase appropriated for the anchoring process
of diazonium salts include all solid compounds fulfilling the requirements in terms of oxidation
potential. Iron powder has been used as reducing agent in the original GraftfastTM experiments5
and later for specific applications especially the grafting of cation exchange membranes to
improve their selectivity45, as a first step in an electroless plating process applicable to
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polymers46 and to create self-adhesive surfaces47. A lot of other compounds could also be
suitable for instance all metals reductive enough (copper, nickel, zinc …).
II.3.2.2 - Homogeneous phase
The reduction of diazonium salts into aryl radicals in homogeneous phases is a well known
reaction. It has been notably achieved with iodide10, 17 and H3PO210, 48, 49. It is only recently that
this reaction has been considered as a way to functionalize the surface of materials. Up to now,
hydroquinone29, ferrocene (in organic media), H3PO250-54 and L-ascorbic acid55 have been used
to reduce diazonium salts in order to graft organic layers. Most of the work presented in this
thesis was performed using L-acid ascorbic as a reducing agent. However, in some cases, for
practical reasons, H3PO2 was employed.
In addition to its use in the reduction of arenediazonium salts, hypophosphorous acid
(H3PO2) is commonly employed for electroless plating (deposition of metal films from
solutions)56, 57. The study of H3PO2 as a reducing agent was only based on the values given in
the Pourbaix diagram (pH-potential) represented in Figure 11. According to the pH of the
solution, H3PO2 and H2PO2- were the species found in solution. The oxidation of both
compounds occurs at potential lower than the reduction potential of NBDT meaning that H3PO2
and H2PO2- can undeniably work as reducer. However, their oxidation potential is also lower
than zero, which means they are able to reduce protons in solution. These remarks have played
an important role in understanding the mechanism.

Figure 11 – The diagram of pH-potential of P-containing group at RT extracted from Lin’s work58.

L-ascorbic acid (Scheme 38), also named Vitamin C (VC), is a non-toxic molecule which
has particularly attracted our attention. First, unlike iron, it works in homogeneous phase which
is an essential criterion for a quantitative study. Second, unlike H3PO2, VC is a weak diacid
which allows exploring broader experimental conditions as it does not limit too drastically the
work in terms of pH. It has already been used as a reducer, for instance, in Sandmeyer reaction59
or for the reduction of metal ions in solution60, 61 particularly in the case of gold62, 63 or silver64, 65
nano-objects formation. In order to demonstrate the ability of VC to work as a reducing agent in
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GraftfastTM, the acid-base and redox reactions involving VC were defined, its Pourbaix
(potential/pH) diagram was established and it was characterized in terms of oxidation potential.
HO

H
O
4

HO

O
1

3

2

OH

HO

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

Acid-base and oxidation-reduction reactions
All the plausible reactions involving L-ascorbic acid and its derivates have been identified as
reported in Scheme 39. The first acidity of VC (noted H2A in some schemes) is due the presence
of the acidic proton of the enol form (on carbon 3 of the cycle in Scheme 38) and its second
acidity, much weaker, comes from the alcohol group on carbon 2 of the cycle represented in
Scheme 38. The most likely redox reactions all lead to the formation of dehydroascorbic acid
(noted A in Scheme 39). Experiments were always performed in aqueous solutions with pH
lower than 5.5. Therefore, only the first acid-base and the top two redox reactions are likely to
play a significant roleb.
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Scheme 39 – Acid-base and oxidation-reduction reactions involving L-ascorbic acid and its derivates66, 67.
Black writing represents the most likely reactions.
b

In a general way, the abbreviation VC will be used in this work to indifferently refer to ascorbic acid
or its first base. However, when required, the distinction between the two compounds will be clearly
made by using the abbreviation H2A and HA-.
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Pourbaix diagram of L-ascorbic acid
From the data presented in Scheme 39 and the Nernst equation, the Pourbaix diagram of
ascorbic acid was established (Figure 12). The diagram gives a visual representation of the main
components present in the pH domain of our work (hatched area on Figure 12) and the
experimental conditions required reaching the oxidation of the major stable derivatives of
ascorbic acid. Therefore, it will be a helpful tool in the understanding of the reaction of ascorbic
acid on diazonium salts.
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Figure 12 – Pourbaix diagram of ascorbic acid. The hatched lines represent the pH domain of our studies.

Oxidation potential
In order to demonstrate the ability of ascorbic acid to work as a reducing agent for the
GraftfastTM process, cyclic voltammetry (CV) was performed on acid ascorbic and
4-nitrobenzene diazonium salt separately, in aqueous solutions (Figure 13a). The cyclic
voltammogram of VC displayed an oxidation peak, with a typical shape of a phenomenon
driven by diffusion, likely to correspond to the oxidation of H2A in A. On the contrary, the
shape of the cyclic voltammogram of NBDT is well known by electrochemists and is due to the
blocking of the surface coming from the grafting of the species formed by the reduction of the
diazonium salt on the surface of the electrode. This also explained why the reduction peak of
NBDT is only observed in the first cycle. According to the pH of the solution, the VC oxidation
peak was spread over a large range of potentials. Indeed, as deducted from the Pourbaix
73

Chapter II – Presentation of the chemical anchoring process

diagram (Figure 12), at a pH close to the first pKa of ascorbic acid, several redox couples may
be active. Moreover, the oxidation process starts way before the maximum of the oxidation
peak. This observation means that only taking into account the potential of the oxidation peak to
determine the ability of VC to act as a reducing agent might be too restrictive. Consequently, a
value more relevant of the start of the oxidation process, called the onset potential (Eonset), was
calculated as described in Figure 13b.
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Figure 13 – Overlay cyclic voltammograms (0.1 V/s scan rate, SCE, working electrode = gold plate) of
ascorbic acid (C = 3.10-2 M) and 4-nitrobenzene diazonium salt (C = 5.10-3 M) in HCl solutions (pH = 2)
a) in full scale and b) zoomed in the area of interest.

The onset potentials of VC and NBDT were determined for aqueous solutions of various pH.
The definition of “onset potential” is a bit arbitrary. However, it provides a first idea on the
possibility of occurrence of the redox reaction between NBDT and VC. The curve Eonset(NBDT)
versus pH plotted on Figure 14 is very similar to the Ep(NBDT) versus pH chart (Figure 10) but,
as the reduction actually starts slightly before the reduction peak, the values are positively
shifted. Concerning the ascorbic acid oxidation, it is clear from Figure 14 that the redox reaction
is pH-dependent. The values Eonset(VC) do not strictly form a line with a slope of -0.06 V/pH
(black line constructed on Figure 14) as we could expect from the Pourbaix diagram of VC
(Figure 12). Nevertheless, by fitting linearly the data, the slope was found to be -0.07. This
deviation can surely be attributed to uncertainties coming for the graphic determination of the
onset potentials. In view of those results, it has been concluded that ascorbic acid is theoretically
able to reduce 4-nitrobenzene diazonium salt whatever the pH of the solution.
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Figure 14 – pH dependence of the onset potential Eonset (obtained from CV, 0.1 V/s scan rate, SCE) for
ascorbic acid (VC) and NBDT in aqueous solutions (adjusted with HCl). The Eonset(VC) at pH = 3.2 is
simply obtained by mixing VC with H2O DI. The line with a slope equal to -0.06 represents the
theoretical evolution of the onset potential with pH.

In addition to the arguments mentioned above, ascorbic acid has also attracted all our
attention in this work for another important reason. Unlike iron powder and as shown from the
oxidation potential in Figure 14, VC is unable to reduce protons. This property has eased our
interpretations of the mechanism by avoiding the formation of hydrogen radical from the
reactive mixture, which could initiate as well as terminate the polymerization in solution of the
vinylic monomer.
II.3.3 -

Vinylic monomers

With the GraftfastTM anchoring process, all the vinylic monomers that can polymerize via a
radical pathway are potentially usable. By analogy with the SEEP process, in the case of
monomers with low solubility in water the anchoring method can be adapted by working in
dispersed aqueous media (emulsion, miniemulsion). As a first work on the understanding of the
grafting mechanism, we only considered monomers soluble in water and in particular the study
was focused on the polymerization of hydroxyethyl methacrylate (HEMA, solubility = 1 mol.L-1
at 20 - 25°C). Indeed, the corresponding polymer PHEMA is biocompatible and easily
identifiable by IR (intense absorption band at 1730 cm-1 attributed to the stretching vibration of
C=O groups), by XPS (peak on the C 1s core level spectrum centred at 289.0 eV assigned to the
carbonyl ester group COO) and by contact angle measurements (50 - 60° angle, very different
from the contact angle of the pristine substrate, see II.3.4.3). To finish, PHEMA does not
contain any nitrogen atom which makes the N 1s core level spectrum in XPS characteristic of
the diazonium moieties.
II.3.4 -

Substrates

Although this anchoring process allows working with a large range of substrates, in this
thesis, the studies were mainly focused on the organic grafting on gold substrates. However,
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other substrates have also been considered when required and particularly in chapter VI
concerning the grafting on TiO2 nanoparticles. As the main material of the studies, the gold
substrate used was characterized in details since in processes such as GraftfastTM, the surface
condition of the substrate plays a key role in the grafting and can affect the reproducibility of
the results as well as the homogeneity of the films.
II.3.4.1 - Why gold substrates?
In the framework of a fundamental study, gold substrates appeared to be very convenient for
the three following main reasons. First of all, the evaporation technique employed to obtain gold
substrates (described in the next paragraph) is fully mastered in the laboratory, very simple and
quite cheap. Second, as a noble metal, gold is inert towards a lot of chemical compounds.
Particularly, owing to its oxidation potential (E°Au3+/Au=1.5 V), gold is a priori unable to reduce
any diazonium salt. Moreover, gold surfaces are prone to be less sensitive to surface
contamination in comparison with other metallic substrates which, for instance, can be oxidized.
To finish, gold substrates are adapted to surface studies by IR-ATR, XPS, AFM and
ellipsometry.
II.3.4.2 - Preparation of gold substrates
Gold substrates were obtained by vacuum evaporation of pure gold (99.99 %) at room
temperature on homemade cut glass plates. A 3 - 10 nm chromium sub-layer was first deposited
to enhance gold adhesion on glass and then 50 - 150 nm of gold were evaporated as represented
on Figure 15 under a residual pressure of 10-7 bar, at room temperature.
Au (40 – 200 nm)
Cr (2 - 20 nm)
Glass plate

Au (140 nm)

Cr (20 nm)

Figure 15 – Scheme (top) and thickness profile (bottom) of the chromium and gold layers deposited on
glass plates by vacuum evaporation.

This process of vacuum evaporation leads to the formation of polycrystalline gold substrates
made of multicrystals of 20 nm in average according to AFM measurements68. Due to its
face-centered cubic (FCC) crystal structure, gold deposited on glass plates displays several
crystalline faces: Au (111), Au (100), Au (110) and Au (311) as reported by Benedetto et al69.
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Contrary to monocrystalline epitaxial Au (111) on mica, gold grains clearly appear on
“evaporated” gold surface as illustrated by SEM and AFM images in Figure 16. As expected,
this gold surface has a higher roughness (RMS) than a surface prepared by epitaxial growth of
gold on mica (0.1 nm68): the roughness values range from 4.5 nm (for calculations based on a
5 x 5 µm2 AFM image) to 5.1 nm (1 x 1 µm2 AFM image).
34.1 nm

200 nm

0
Figure 16 – SEM (left) and 1 x 1 µm² AFM (right) images of pristine gold substrate prepared by vacuum
evaporation on a glass plate.

II.3.4.3 - Characterization of the pristine gold substrates
The surface condition of the substrate, particularly its contamination, is assumed to be a key
parameter in the reproducibility of the experiments as well as in the homogeneity of the films.
Therefore, the contamination, the storage and a treatment prior to use of the pristine substrates
have been studied carefully.
Contamination of the gold substrates
Since the anchoring processes are likely to be influenced by the surface conditions of the
substrates, an XPS analysis was performed on a pristine gold plate 8 days after evaporation in
order to estimate and characterize its surface contamination. From the survey XPS spectrum
(Figure 17), we observe, in addition to the characteristic Au 4f (84 and 88 eV), Au 4d (335 and
353 eV) and Au 4p (547 and 643 eV) peaks of gold, a C 1s signal at 285 eV and an O 1s signal
at 531 eV. However, no nitrogen is detected and the pristine gold surface is also found alkali
metals free. The contamination carbon (Figure 17) is mainly composed of aliphatic and/or
aromatic carbons at 284.4 eV (91 %) and also of ca. 9 % of oxidized carbons at 286.0 and
287.4 eV. Therefore, purely organic contaminations are identified including hydrocarbons as
well as oxidized hydrocarbons.
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Figure 17 – XPS survey, O1s and C1s core level spectra of a pristine gold substrate eight days after
evaporation.

The nature of the contamination was also confirmed by IR (Figure 18) since carbonyl groups
and C-H stretching absorptions were detected, respectively, at 1727 and 2926 cm-1. Indeed,
those values are characteristic of fatty acids which are considered as the main surface
contaminants70.
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Figure 18 – IR-ATR spectrum of a contaminated pristine gold substrate eight days after evaporation.

To fully eliminate the contamination, an ionic abrasion under ultra-high vacuum inside the
XPS can be performed. An area of 5 x 5 nm2 of the substrate was bombarded with 4 keV Ar+
ions by cycles of 2 min (analysis made on an area of 700 x 300 µm2). As clearly shown by
Figure 19, after 3 cycles of abrasion the surface is carbon and oxygen free. This method can also
be employed to verify the purity of the deposited gold (as the substrate is normally only
contaminated superficially). However it requires high vacuum, and cannot be applied on all our
gold substrates.

78

Chapter II – Presentation of the chemical anchoring process

18000

C 1s
pristine Au
1st cycle (Ar+, 2 min)

CPS

17000

2nd cycle (Ar+, 2 min)
3rd cycle (Ar+, 2 min)

16000
15000

Abrasion

14000
13000
292

290

288

286

284

282

Binding Energy (eV)

Figure 19 – C1s XPS spectrum of pristine gold substrate before and after successive ionic abrasions
(Ar+, 4 keV).

Two ways were considered to avoid or diminish as much as possible the contamination on
gold substrates. First, a particular attention was given to their storage. Second, treatments prior
to use were tested.
Storage of gold substrates
As previously demonstrated71, after a 40-day storage at ambient air in plastic tubes, the
contamination on gold substrates increased four times while keeping a C/O ratio of
approximately 90/10. To limit this increase of contamination with storage time, the storage of
gold plates in glass tubes in a nitrogen flow box was tested. As shown by Figure 20a and Figure
20b, the contamination of the substrates stored in the nitrogen flow box did not increase in
intensity with the time of storage (see bands around 2900 cm-1). As a result, all our gold
substrates were kept in a nitrogen flow box in glass tubes. In addition, in order to minimize the
influence of the contamination on the grafting, our substrates were used as soon as possible after
evaporation (i.e. typically within the next three weeks).
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Figure 20 – IR-ATR spectra of pristine gold substrate with the time of storage in a) plastic tubes at
ambient air and b) glass tubes in a nitrogen flow box.

Treatments prior to use of gold substrates
A common method to free the substrates from contamination is UV-ozone treatment. The
UV-ozone method is a photo-sensitized oxidation process in which the contaminant molecules
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coming from resins, human skin oils, cleaning solvent residues, silicone oils and so on are
excited and/or dissociated by the absorption of short-wavelength UV radiation. Atomic oxygen
is simultaneously generated when dioxygen molecules O2 of the ambient air or ozone (formed
from the combination of free oxygen atom and O2 molecules) are dissociated. The products of
excitation of contaminant molecules react with atomic oxygen to form simple, volatile
molecules which desorb from the surface70.
The effect of UV-ozone cleaning on gold substrate is clearly visible in Figure 21. Due to the
hydrophobicity of adventitious carbon contaminants on gold surface, the average value of the
contact angle reached 92° before cleaning. This value dropped to 5° after UV-ozone treatment.
This result could be due to the oxidation of the contamination layer without evolution as
gaseous species creating more hydrophilic oxidized species.

a)

92°

5°

b)

Figure 21 – Contact angle measurements (H2O DI) on a pristine gold substrate a) before and b) after a
10 min UV-ozone cleaning.

The comparison of XPS analyses performed on gold substrates before and after a 10 min
UV-ozone exposure (Figure 22) however reveals a two times higher carbon contamination (with
an increase of oxidized carbons) and a three times higher oxygen contamination after cleaning.
Those results appear in contradiction with the contact angle measurements, but could be
explained by the increase in the surface reactivity of gold substrates after treatment which
promotes their immediate recontamination in air. Indeed, the samples were manipulated a few
minutes in the laboratory atmosphere between the UV-ozone chamber and the XPS.
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Figure 22 – C1s and O1s XPS spectra of a pristine gold substrate before and after a 10 min UV-ozone
cleaning procedure.

Finally, after testing different ways of storage and various cleaning treatments including UVozone procedure and solvent rinsing (results not presented), it seemed that, except for the ionic
abrasion in the XPS apparatus, no method can provide gold substrates fully free of
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contamination. However, we have estimated that the best way to limit it consists in storing the
gold substrates in glass tubes in a nitrogen flow box and using them without further cleaning
treatment but as soon as possible after evaporation.
II.3.5 -

Typical GraftfastTM experiment

To sum up, for simplicity’s sake, the study of the GraftfastTM process was restricted, in case
of most of the experiments, to the grafting of PHEMA on gold substrates through the reduction
of 4-nitrobenzene diazonium salt in deionised water by either H3PO2 or ascorbic acid at room
temperature, atmospheric pressure, with a magnetic stirring. Concerning the major part of the
work, the reaction time was arbitrarily fixed at 60 min in order to be able to appreciate slow as
well as fast phenomena. Unless otherwise mentioned, after the reaction, the substrates were
rinsed according to the following rinsing procedure: water, ethanol and acetone then sonication
in N,N-dimethylformamide (DMF) for 5 min. Indeed, no solvent is perfectly indicated to rinse
poly(nitrophenylene) (films obtained from 4-nitrobenzene diazonium salt). However, unreacted
NBDT as well as products of its degradation are soluble in those solvents. Moreover, in case of
anchoring processes using monomers, unreacted HEMA was simply rinsed with water and
physisorbed PHEMA was entirely removed with DMF (see V.3.2 for more details).

Summary
The anchoring process based on the reduction of diazonium salts has come from the
evolution of the SEEP process towards the grafting of all type of materials. On top of this
remarkable property, the process has shown other very interesting advantages such as a control
on the thickness of the films, on the surface properties or on the localization of the grafting. In
order to simplify further interpretations of the grafting mechanism, the main components
entering in the process were precisely characterized. This anchoring process ranges from a
simple reaction involving only the diazonium salt to more complex ones requiring a reducing
agent as well as a vinylic monomer. Therefore, the study on the understanding of the
mechanism will start in the next chapter by the easiest case i.e. the substrate-activated and
spontaneous grafting of diazonium salts based on the simple use of a diazonium salt in solution.
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Chapter III – Spontaneous grafting of diazonium salts

As described in chapter II, the anchoring processes based on the reduction of diazonium salts
are very easy to set up. However, the more chemical species are involved, the more complicated
the mechanism of the grafting. Therefore, in this chapter, constituting a first step in the
understanding of the grafting mechanism, we will deal with the most basic case of chemical
grafting involving diazonium salts i.e. the spontaneous grafting (where only the diazonium salt
is present in solution). This type of process as well as electrochemical methods is supposed to
give highly robust films in comparison to physisorption methods since it has been claimed to
form a covalent chemical bond between the substrate and the film. Therefore, numerous teams
have worked on demonstrating the covalent nature of the interface bond on the simple case of
polyphenylene graftinga. Thus, after presenting the spontaneous anchoring process of diazonium
salts, we will discuss the existence of a covalent surface-carbon interface bond and describe our
attempts to demonstrate it. To finish, we will focus on the study of similar graftings that have
been recently observed on gold. The occurrence of this phenomenon on gold will be examined
in details since it has been chosen as the main substrate of all this work and an explanation of
the grafting mechanism will be proposed.

III.1 - Spontaneous grafting in general
The attachment of aryl groups to surfaces on a large range of materials has been widely
described in the literature mainly via the electrochemical grafting of diazonium salts1 (see
I.1.5.2). However, it has also been achieved by non-electrochemical methods. The grafting of
similar groups promoted by heat2, UV radiation3, ultrasonication3, 4, ball milling5 or chemical
reducing agents has been reported. The last one will constitute the topic of chapter IV whereas
the others will not be detailed in this work. More simply, similar graftings, called spontaneous
graftings, have been performed at open-circuit potential (OCP) without any external source of
energy.
This spontaneous process, reviewed by Barriere et al.6, occurs by simple dipping in
acetonitrile or aqueous solutions of diazonium salts on semiconductors (silicon7, 8, GaAs7 and
more recently germanium9) or metals10 such as copper11, palladium7, aluminium12, titanium12,
nickel13, iron13, 14 and zinc13. The resulting films have been found very similar to those obtained
by an electrochemical reduction. However, comparison studies have shown that, in general,
films formed by the spontaneous route are thinner and are formed more slowly15. The
spontaneous grafting has appeared to be a very interesting method since it operates under simple
and environmental friendly experimental conditions (when performed in aqueous solution). It
a

This term is used to describe the grafting of substituted phenyl moieties on the surface forming
monolayer as well as multilayers films. However, we are aware that in the case of mono or bilayers
graftings, this is a misuse of language.
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was proved suitable for the modification of surface properties of materials. For instance, surface
protection against corrosion14 as well as iron and zinc superhydrophobic surfaces have been
achieved16. Therefore, the investigation of the spontaneous grafting mechanism has attracted
much interest.
It has been reported that if the substrate is reducing enough then it can operate itself the
reduction of the diazonium salt into the corresponding aryl radical and react with it13, 14. The
redox properties of both the diazonium salt and the metal have been shown to play a key role in
the occurrence of this spontaneous grafting. For a given reducing substrate, the more difficult is
the reduction of the diazonium salt, the less efficient is the grafting13. Consequently, with metals
less reducing, this reaction should not occur. However, a spontaneous grafting of diazonium salt
was observed on gold by Downard and coll.17 in acidic media and by Pinson and coworkers18 in
acidic as well as in basic solution. As gold was selected as the substrate of our study on the
anchoring processes, this phenomenon will be investigated in details in III.3 as it could have a
significant influence on the redox-induced processes studied in chapters IV and V. The
spontaneous one-electron reduction of diazonium salts was also demonstrated in the case of the
grafting on hydride-terminated porous and planar silicon by conducting radical trapping
experiments based on the reaction of surface Si radicals with, for instance, reagents such as
arylselenoether or arylthioether8.
The spontaneous grafting procedure was firstly introduced by Belmont. The modification of
carbon black was the subject of numerous patents registered by Cabot Corporation (detailed in
reference 4 therein Bélanger’s work19) and used for interesting industrial applications in the
manufacturing of inks. Later, works were performed on the aryl modification of carbon black20
by reaction with diazonium salts and focused on the investigation of the grafting mechanism19.
A concerted decarboxylation reaction where the diazonium cation would act as an electrophile
replacing the oxygenated functionalities (leaving as CO2) was suggested as illustrated in
Scheme 40. The spontaneous grafting on other forms of carbon such as graphite21, glassy
carbon10,

15, 21-23

, graphene24-30 and diamond31,

32

was also reported and various grafting

mechanisms were proposed.

Scheme 40 – Proposed mechanism of the spontaneous grafting on carbon black extracted from the work
of Toupin et al.19.
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Concerning the spontaneous grafting on graphite and glassy carbon in pure water, Abiman et
al.

21, 22

suggested a heterolytic dediazoniation of the diazonium salt. The so formed aryl cation

intermediate (see II.3.1.2) was considered to either react with the carbon surface itself or with
surface carboxylic groups to form an aryl ester linkage. In contrast to this mechanism, from the
study conducted by Bidan and coll.23 on glassy carbon a spontaneous grafting mechanism
involving an electron transfer initiation of the diazonium salt was proposed. Indeed, a jump of
the open circuit potential was observed when NBDT was introduced in solution. In addition,
NBDT appeared to be the only diazonium salt (among the diazonium salts tested) permitting a
spontaneous grafting on glassy carbon, certainly because of its easy reduction.
In regards to the spontaneous grafting of graphene sheets, the covalent attachment of the aryl
groups to the basal carbon atoms was also considered to be due to an electron transfer from the
graphene layer to the diazonium salt24,

28

. However, Raman spectroscopy measurements

suggested a two-step reaction pathway presumably consisting in the adsorption of the
diazonium salt on single (Scheme 41-(2)) or bi-layer (Scheme 41-(4)) graphene followed by its
decomposition to form a covalent C-C bond with the substrate (Scheme 41-(3)&(5))27. Besides,
the simple adsorption of nitrobenzene, arising from the spontaneous decay of the diazonium
salt, could always be a possibility (Scheme 41-(7)). To finish, the spontaneous modification of
graphene was demonstrated to be faster for single-layer graphene with enhanced reactivity at its
edge27, 28, as supported by theoretical calculations33. The electrical characteristics26 of graphene
devices treated with a diazonium salt and particularly the field effect transistor (FET)
characteristics25 were also investigated with a view to potential applications.

Scheme 41 – Spontaneous grafting mechanism of NBDT on graphene surfaces proposed by Koehler et
al.27.

In the case of carbon nanotubes2, 22, 34, the spontaneous grafting was used notably to improve
their dispersion in various environments35 but also to selectively functionalize metallic CNT
(i.e. preferentially to semiconducting CNT) in aqueous solution36. Concerning the mechanism,
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Dyke et al.37 refuted the possibility of an electron transfer initiation step for the spontaneous
grafting reaction since it would lead to a multiple substitution pathway occurring with a very
unlikely accumulation of charges on the CNT. Such as for graphene, a two-step mechanism
consisting in a chemical adsorption step and a covalent bond forming step was also proposed38
and supported by theoretical calculations39. However, this proposition seems unlikely when
working in basic conditions since only diazoates can be present in solution at these pH.
Therefore, the most likely mechanism to date which explains the spontaneous grafting in neutral
or alkaline solutions was suggested to be based on the formation of a diazonium anhydride
(Gomberg-Bachmann reaction) which can decompose in a homolytic cleavage into an aryl
radical37, 40 able to react with a CNT as illustrated by Scheme 42.
a)

b)

Scheme 42 – a) Generation of funtionalized SWNTs and b) mechanism of the spontaneous grafting at
neutral or alkaline pH extracted from the work of Dyke et al.37.

To summarize, it is likely that the mechanism is dependent on the diazonium salt used as
well as on the substrate employed and its physical forms (in the case of carbon). No general
mechanism of the spontaneous grafting could possibly be established and the spontaneous
reaction pathway is still subject of much debate and investigations. However, since it is a very
simple process forming robust films grafted on the substrate, the spontaneous grafting of
diazonium salts is often employed for the surface modification of materials with aryl groups.

III.2 - Towards the proof of existence of a covalent interface bond
All the anchoring processes based on diazonium salts within this thesis are claimed as
grafting methods of organic films leading to the formation of a covalent bond between the film
and the substrate. Since it constitutes one of the main characteristics of those processes, special
attention was paid to demonstrate the existence of such a bond.
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The grafting methods described in this work lead either to the formation of polyphenylene
layers or of polymer films. As it will be revealed in chapter V, the structure of the polymer films
obtained by the GraftfastTM method is mainly composed, at the interface film-substrate, of an
essential primer layer of polyphenylene on which the polymeric chains are grafted. Thus, the
polyphenylene layer is assumed to be responsible for the covalent linkage between the substrate
and the polymer film. Consequently, to establish the existence of a covalent bond at the
interface surface-coating in the anchoring processes, we will uniquely focus on the study of
polyphenylene grafted films. As such organic layers have already been obtained by various
methods, we will first report the results obtained in previous studies and then describe our
attempts to demonstrate the existence of a covalent bond.
III.2.1 - Previous works
As previously mentioned, methods permitting the covalent attachment of aryl groups to
various surfaces have already been reported and range from spontaneous grafting (described
above) to chemically induced (chapter IV) or electrochemical (see I.1.5.2 and I.2.1.8) graftings.
For all of them, studies have already been performed to demonstrate the existence of a
substrate-film bond and the most relevant ones will be detailed below.
III.2.1.1 - In spontaneous grafted films
As getting evidence of the presence of a bond between the surface and the organic layer is
not easy, some teams described indirect proofs. The resistance of the films to simple treatments,
such as cleaning7 or sonication14 in various solvents showing the chemical stability of the films
were commonly admitted as an indirect evidence of the existence of a covalent bonding. Indeed,
if the molecules were only physisorbed on the surface, these treatments would likely remove
most of the organic residue. Indeed, full elimination of the grafted polyphenylene-like films has
only been achieved by abrasion techniques41.
Direct evidences of a covalent substrate-film bond was however reported. First of all, Hurley
et al.11 provided, thanks to XPS analysis, evidence of the establishment of both a Cu-O-C
linkage and a Cu-C bond between grafted aryl moieties and a copper substrate. Then,
ToF-SIMS analyses of polyphenylene films on glassy carbon plates, performed by Combellas et
al.15 permitted the detection of C-aryl fragments as well as O-aryl ones; the former testifying of
the bond between the carbon plate and aryl groups. Therefore, in addition to providing
evidences of the presence of a covalent surface-carbon bond, both studies demonstrated that the
bonding between the substrate and the organic film could also occur through oxygenated
functions.
Very recently, McDermott and coll.42 provided the first direct evidence for the existence of a
Au-C covalent bond by surface-enhanced Raman scattering (SERS) and high-resolution
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electron energy loss spectroscopy (HREELS). The modifications of 40 nm gold nanoparticles
and Au(111) with nitrobenzene moieties (from the corresponding diazonium salt) were obtained
spontaneously in acetonitrile. Similarly to other teams dealing with carbon-gold bonds, the
authors detected a band at 412 cm-1 in the SERS spectrum of the grafted gold nanoparticles
(Figure 23) and a weak band at 420 cm-1 in the HREELS spectrum of modified Au(111) that
they assigned to a Au-C stretch. The attribution of that bond was confirmed by calculations
(DFT modelling).

Figure 23 – Raman spectrum of solid NBDT (dNB, solid red line) and SERS spectra of unmodified
40 nm gold nanoparticles (AuNPs, solid green line), of NBDT-modified AuNPs (solid black line) and of
AuNPs reacted with nitrobenzene (dashed blue line) expanded near 400 cm-1 extracted from the work of
McDermott42.

III.2.1.2 - In chemically induced grafted films
Although claimed by all the authors working on the chemical reduction of diazonium salts
by H3PO2 on various forms of carbons, no clear evidence of a covalent grafting has been
shown19, 21, 22, 43, 44. The assumption of such a characteristic of the films seems to only be based
on analogy with the results obtained for the electrochemical and the spontaneous grafting.
III.2.1.3 - In electrochemically grafted films
Most of the studies dealing with the existence of an aryl-substrate interface bond concern
electrochemically grafted films. As for the spontaneously grafted films, the first and most
common argument for a covalent grafting relies on the chemical stability of the polyphenylene
layers. First, as described in the very first publications45, 46 on the electrochemical grafting of
diazonium salts, the films remain stable after six months at air exposure. The layers were also
observed to resist to severe rinsing procedures47 (such as HF rinsing in the case of the grafting
on Si) and to sonication procedures1, 48-50 (long51 or in various solvents45). The stability of the
films was also investigated electrochemically by applying very negative or positive potentials at
the grafted electrode. D’Amours et al.52 demonstrated that the electrochemical polarization of
the modified electrode could remove some aggregates generated during the process but could
not completely free the electrode from the polyphenylene film. To finish, the mechanical
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stability of the Si-C bond was tested by AFM53. After scratching the film with the AFM tip, a
very thin layer of polyphenylene was still detected (by XPS). Moreover, Charlier and
coworkers53 determined that the grafted polyphenylene film is composed of a strongly adherent
first layer, covalently linked to the substrate with on top a weakly bonded overlayer.
By comparing self-assembled monolayers (SAMs) of thiols to polyphenylene layers
electrochemically grafted through the reduction of diazonium salts on gold, Shewchuk et al.54
concluded that under certain conditions, electrochemically formed aryl films were more strongly
bonded to gold surfaces than the thiol analogue. A recent study55, using first principles density
functional theory (DFT) simulations, predicted a higher value of binding energy for aryl
C-Au(111) than aryl S-Au(111) which is in agreement with the experiments described above.
Other computational investigations56 brought support to the evidence of bonds between a
metallic surface and aryl groups from the organic film. For Fe, Cu, Pd or Au substrate, the
C-Metal bond energy was shown to depend on the selected metal indicating a lower binding
energy for C-Au(111) than for the three other metals mentioned. In addition, Jiang and
coworkers established the most stable structures for upright or tilted configurations which, in
the case of a gold substrate, consist in the aryl group linked to the surface by a single carbon
atom (Scheme 43).
a)

b)

Scheme 43 – Optimized structures for phenyl groups on gold surfaces in a) upright and b) tilted
configurations extracted from Jiang’s work56.

Using spectroscopy techniques, much stronger evidences of the existence of a covalent
interface bond were detailed. The results, obtained by the in situ monitoring of the Raman
spectra, over a wide range of potentials, of 4-nitrobenzene as a free molecule as well as a
chemisorbed monolayer on glassy carbon electrode (GCE) surface, were consistent with strong
electronic coupling across a conjugated phenyl-phenyl bond at the film-GC interface57.
However, the most direct evidence of the nature of the interface bond was recently provided by
McDermott and coworkers42 using high-resolution electron energy loss spectroscopy (HREELS)
on electrochemically modified Au(111). As a continuation of their work presented above on the
spontaneous grafting on gold nanoparticles, from the observation of a band at 420 cm-1, the
authors concluded that a Au-C covalent bond is formed upon typical electrochemical grafting of
NBDT on Au(111). A few teams also attempted to demonstrate the existence of a metal-carbon
interface bond using XPS spectroscopy. On electrochemically modified iron surfaces58, a minor
95

Chapter III – Spontaneous grafting of diazonium salts

component centred at 283.3 eV was observed on the C 1s core level spectrum and assigned to
the XPS signature of a carbide type of carbon that originates from the formation of a covalent
Fe-C bond. Similar XPS characterizations were attempted on other metals. Nevertheless, on Si,
only an indirect proof of the Si-C bond was found47 whereas on gold substrates, closer results to
those on Fe presented above by Laforgue et al.49 were obtained. As illustrated in Figure 24, a
small shoulder, at low energy, in the C 1s core level spectrum of a 4-carboxyphenyl modified
gold electrode was observed which could be fitted with a Au-C component at 283.5 eV.
However, the authors admitted that this result did not constitute an irrefutable evidence of the
existence of a covalent film-gold interface bond since its signature was very weak.

Claimed
Au-C

Figure 24 – C 1s core level spectrum of a polycarboxyphenylene thin layer electrochemically grafted on
gold electrode extracted from the supporting information of Laforgue’s work49.

III.2.2 - Our experiments
The anchoring processes based on diazonium salts including the spontaneous grafting
process are considered as covalent grafting methods of polymer or polymer-like films in the
case of polyphenylene layers. In contrast to electrochemically grafted films, no direct evidence
of covalent substrate-film bond in our films was established. To date, only indirect proofs of the
existence of a covalent bond were found consisting in a resistance of the layers to sonication in
solvents, 30 min in DMF at 60°C as well as Soxhlet extraction in EtOH overnight (cf V.3.2). As
the formation of a bond between the surface and the organic layer represents one of the main
characteristic of the processes studied in this work, particular efforts were made in order to
demonstrate it from polyphenylene grafted substrates.
One of the most direct techniques to observe a surface-film bond is XPS, for which the
studied substrate has to be chosen carefully. Although, as reported above, Laforgue and
coworkers attempted such a study on gold49, this metal is not very adapted. First, the
electronegativities of gold and carbon are very close (χc = 2.55 and χAu = 2.54 using the Pauling
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scale) which indicates that the signal from potential Au-C bonds would be difficult to
distinguish from C-C bonds on the C 1s spectrum. Second, the small amount of Au-C bonds in
the films in comparison to the C-C bonds (at best one carbon atom from each grafted aromatic
ring should be involved in Au-C bond versus five contributing to C-C signal) would make the
signal of interest very weak and merged in the peak of C-C at 285 eV. Consequently, the
experiments were carried out on substrates such as germanium (χGe = 2.01) and nickel
(χNi = 1.91) since (i) their electronegativities are lower than the one of carbon, (ii) the values of
their oxidation potential59 (E°Ge2+/Ge = 0.24 V and E°Ni2+/Ni = -0.257 V) are low enough to reduce
most of the diazonium salts and (iii) methods are known to remove the oxide from their
surfaces. In order to remain as close as possible to the experimental conditions employed in our
classical experiments, germanium wafer was the first substrate of interest since its oxide can be
removed in aqueous solutions. In addition to the commercially available NBDT,
4-methoxybenzenediazonium tetrafluoroborate (MBDT) was tested to determine the influence
of the electronic effects of the substituent groups on the detection of the interface bond. Another
compound, the 3,4,5-trichlorobezene diazonium salt, was likewise employed in order to enhance
the detection of Au-C since it would sterically limit the layer growth and increases the ratio
Au-C/C-C. Those three diazonium salts should be spontaneously reduced by germanium and
nickel. Indeed, the redox potentials of NBDT and MBDT are respectively of 0.49 V (/NHE)
(see II.3.1.3) and 0.25 V (/NHE)60. Concerning the trichlorobenzene diazonium salt, the redox
potential value has not been measured yet. However, the existence of a linear relationship
between the Hammett coefficients for para substituents of diazonium cations and the redox
potential was reported in organic media61 as well as in acidic solutions60. As the Hammett
coefficient of a chloro substituent is likely to lie between the nitro and methoxy ones, this third
diazonium salt could therefore potentially be reduced by the two substrates of interest.
III.2.2.1 - On germanium wafer
The first experiments aiming at proving the existence of the covalent interface bond were
performed on undoped (100) germanium wafers spontaneously grafted with a diazonium salt.
As silicon, germanium is a very reactive material forming, at air exposure, oxides on its surface.
In order to observe the Ge-C XPS signature, prior treatments had to be carried out to remove
these oxides. To date, a few methods were reported to be efficient at removing the germanium
oxide including a UV-ozone oxidation in air followed by thermal desorption in ultrahigh
vacuum62, a wet chemistry methodology (hydrohalogenic acids etching)63 or electrochemical
pulses.
Hydrohalogenic acids etchings were identified as an advantageous route not only to remove
the oxide and contamination but also to enhance the stability of the resulting Ge surface, making
it suitable for wet functionalization. This treatment consists in the repetition of the three
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following steps: oxidation (by H2O2) – rinsing (by H2O DI) – etching (by HBr)63. With a view to
functionalize the substrate, the diazonium salts mentioned above were directly added in the HBr
solution during the last cycle of treatment. From IR and XPS analyses performed on the grafted
germanium samples, it is difficult to conclude on the grafting of the methoxy diazonium salt
since there is no marker such as nitrogen or chlorine in this molecule. Moreover, since no C-O
bond can be distinguished in the C 1s spectrum, we considered that the grafting was
unsuccessful. Nevertheless, strong evidences of a successful grafting in the case of the trichloroand nitro- benzene diazonium salts were found. But, as illustrated in Figure 25, no evidence of a
component at low energy in the C 1s core level spectra could be observed in those two cases.
Since the observed Ge 2p spectra are characteristic of oxidized Ge substrates, it can be assumed
that no Ge-C bond can be identified due to a poor removal of the oxide leading to the diazonium
salt grafting on top of this oxide layer. However, this hypothesis has to be discarded. Indeed, the
same etching method followed by the grafting of C9 thiols has led to the formation of a grafted
SAMs on oxide free germanium, thus demonstrating the efficiency of this wet chemistry
methodology to remove the germanium oxide. The presence of oxide on the sample can simply
be explained by the transfer from the glove box to the XPS, at air exposure, of the
non-passivating polyphenylene films after their synthesis. Therefore, it is likely that the
detection of a Ge-C bond is prevented due to a very low grafting density of aryl groups on the
surface from which results a too small amount of Ge-C bond 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 trichloro benzene diazonium salts (0.001M)
spontaneously grafted on germanium wafer after oxidation-rinsing-etching cycles.

Similar results were obtained for germanium wafers initially treated by electrochemical
pulses in order to remove the oxide layer and then spontaneously grafted with diazonium salt.
The electrochemical treatment, using the germanium wafer as working electrode, proceeded
through a first electrochemical pulse at -4 V for 10 min followed by 10 cycles from 0 to -2 V in
a 50:50 saturated KBr and HCl (10 %) solutions. As in the previous case, the methoxy
diazonium salt was not successfully grafted on the substrate and no evidence of Ge-C bond was
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obtained in the other cases, which can certainly be explained by the same reasons mentioned
above.
To conclude, germanium wafers did not work out to be very adapted substrates to
demonstrate the existence of a covalent film-surface bond. Therefore, our attention turned to
nickel surfaces.
III.2.2.2 - On nickel plates
Nickel was already used for the observation of metal-carbon bonds resulting from the direct
electrografting of vinylic monomers in aprotic conditions64, mainly because (i) nickel oxide is
electroreducible in organic media, and (ii) nickel electronegativity is far enough from the carbon
one to allow a specific XPS signal to be observed. The electroreduction of nickel oxide operates
under a controlled argon atmosphere and consists in performing a cyclic voltammetry in
anhydrous acetonitrile, with tetraethyl ammonium perchlorate (TEAP) as supporting electrolyte
and using nickel plates as the working electrode65. The spontaneous grafting of the three
previously mentioned diazonium salts was carried out in three steps:
1. The nickel oxide was reduced by cyclic voltammetry in anhydrous acetonitrile in the
argon atmosphere of a glove box. The potential was cycled between the rest potential of
the electrochemical cell and a variable final potential (10 mV/s scan rate – 1 cycle).
2. The nickel working electrode was then disconnected from the power supply and
introduced rapidly in the ACN diazonium salt solution (0.046 M) for 30 min.
3. The substrates were rinsed with ACN and transferred at air exposure from the glove box
(controlled atmosphere) to the XPS chamber (high vacuum).
Thanks to a rapid study of the grafting of the three diazonium salts, we decided to focus on
the spontaneous grafting of methoxybenzenediazonium salt (MBDT) since it gave the most
promising results with a view to detect the Ni-C bond. As mentioned in the literature65, the
electroreduction of the nickel oxide starts at -1.9 V/SCE. In the same time, cathodic
electrografting of the supporting electrolyte TEAP derivatives is observed on metallic electrodes
at potentials below -2.2 V/SCE64. A redox mechanism for this grafting was proposed by Buriak
and coll.66. Since those two values are close, it is likely that a compromise has to be found
between those two phenomena. Therefore, we tested a wide range of final potential values
during the electro-stripping of nickel oxide. In each case, one sample analysed directly after the
electro-stripping was used as a reference for the corresponding sample subjected to the
spontaneous grafting of MBDT diazonium salts. For instance, the C 1s XPS spectra
corresponding to MBDT grafted nickel substrates as well as to pristine nickel plates after cyclic
voltammetry reaching -2.2 V are shown in Figure 26. The most intense peaks around 285.1 eV
is typical of carbon atoms such as in –CH2– and –CH3– groups. The components near 286.5 eV
is indicative of C-O and C-N bonds whereas at 288.7 eV COO oxidized structures are identified.
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In addition, at low binding energy, a shoulder was observed in the case of the grafting with
MBDT. As already reported in the literature64, 67, 68, this minor component, centred at 283.5 eV,
can be attributed to carbon atoms involved in a bond with surface nickel atoms. In this case, the
difference with the reference sample is clear but the peak is still very weak. Besides, the O 1s
spectra, not shown here, indicate that the nickel oxide was only partially reduced. Hence, the
weakness of the peak at 283.5 eV could either be explained 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) MBDT (0.046M) spontaneously grafted on nickel
plates after cyclic voltammetry (between the rest potential of the electrochemical cell to -2.2 V/SCE, at
10 mV/s scan rate).

The area values of the Ni-C component in the C 1s XPS spectra as a function of the final
potential used for the removal of the nickel oxide are listed in Table 2. No value in the table
means that a satisfactory fit of the C 1s XPS spectrum could be obtained without any Ni-C
component (as shown in Figure 26a) and therefore that no Ni-C bond was observed. Three
different regimes can be distinguished from the results gathered in Table 2:
1. When the final potential of the stripping step is below -2.3 V, Ni-C bonds are observed
on the reference samples, indicating some grafting from TEAP. Moreover, the more
negative the final potential during the stripping step, the more Ni-C is observed
Therefore, from and below that threshold, only an increase of the Ni-C amount when
comparing the pristine nickel plate and the “grafted” one could demonstrate the
efficiency of the spontaneous grafting from the diazonium salts. Unfortunately, no
difference of area values of the Ni-C components is detected between pristine and
grafted samples previously treated at potentials lower than -2.4 V. These results are
consistent with an increase of the TEAP grafting at lower potentials preventing the
grafting of the diazonium salt.
2. In contrast, for final potentials above -2.2 V, no signal from Ni-C is detected, neither on
pristine nor on “diazonium treated” samples. The absence of Ni-C signature means that
the potentials used are neither negative enough to reduce TEAP nor to remove the nickel
oxide from the surface.
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3. The most relevant experiments to demonstrate the existence of a covalent substrate-film
bond concerned samples for which the stripping step reached -2.2 V/SCE. Indeed, no
grafting of TEAP is detected in this case, but a signal from Ni-C bonds at 283.5 eV
could be detected after contact with diazonium salts. Therefore, even if that signal is not
very intense in comparison to the one reported by Deniau et al.64, it can entirely be
attributed to a metal-carbon bond at the interface (Figure 26b).
Table 2 – Area Values of the Ni-C peak observed in the C 1s core level spectra of pristine or grafted by
the methoxybenzene diazonium salt (0.046 M) nickel substrate according to final potential (/SCE)
reached during the cyclic voltammetry (10 mV/s scan rate) performed to remove the oxide.
Area of the carbide component (a.u)
Lowest CV
potential

-1.7 V

-2 V

-2.2 V

-2.3 V

-2.4 V

-2.6 V

-2.9 V

Reference

-

-

-

118

137

139

192

OMe diazonium

-

-

164

157

142

147

193

The nitrogen content was also analysed in that latter case (stripping at -2.2 V, followed by
treatment with MBDT). The corresponding N 1s XPS core level spectra are displayed in Figure
27. A nitrogen peak centred at 400 eV in the spectrum of the pristine nickel plate is clearly
present and assumed to correspond to surface organic contamination. The N 1s signal observed
on the sample treated with the diazonium salt contains a similar component, arising from the
same

contamination

as

well

as

azo

groups

from

the
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formed

poly(methoxyphenylene) film grafted on nickel. An additional component was also detected at
low binding energy (397.7 eV), which could be assigned to Ni-N bonds from the substrate-film
interface67. Therefore, this result reveals the existence of a second type of grafting of the
diazonium salt on the nickel surface likely to come from the formation of Ni-N=N-Φ-OMe. The
probable origins of this grafting will be discussed in III.3.1.3. In addition to the presence of a
new peak, the contribution of the second nitrogen atom in the following structure:
Ni-N=N-Φ-OMe may be accounted within the main N1s peak at 400 eV.
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Figure 27 – N 1s XPS spectra of a) pristine and b) methoxybenzene diazonium salts (0.046 M)
spontaneously grafted on nickel plates after cyclic voltammetry (between the rest potential of the
electrochemical cell to -2.2 V/SCE, at 10 mV/s scan rate).
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To conclude, by scanning a wide range of final potentials during the electro-stripping of
nickel oxide, Ni-C as well as metal nitride bonds, formed by the spontaneous grafting of
methoxybenzene diazonium salt and characteristic of the film-substrate interface, have been
successfully observed. However, only spontaneous grafted films from this specific diazonium
salt provide those interface signatures. We have no explanation for that at the moment.
We did not perform further experiments on nickel to demonstrate the existence of this
interface bond with other grafting conditions. Indeed, the experimental conditions we used in
this study are quite remote from those typically employed in these anchoring processes;
particularly, working in organic media is not satisfactory since one of the main interests of these
anchoring methods is to occur in aqueous solutions. However, we believe that a similar
behaviour, even in aqueous solutions, would be observed on other substrates able to reduce
diazonium salts as long as they are oxide free.
In the case of gold substrate, the detection of such a bond is not very likely for the reasons
mentioned in III.2.2. Nevertheless, although gold cannot a priori reduce diazonium salts
(E°Au3+/Au=1.5 V59), a polyphenylene film has also been detected after immersion of gold plates
in aqueous solutions of diazonium salts.

III.3 - Spontaneous grafting on gold
Given that gold was chosen as the main substrate of interest in this work, typical films
obtained by the spontaneous grafting of NBDT on gold were characterized in details. Then, we
examined the mechanism of the spontaneous formation of polyphenylene films on gold.
III.3.1 - Typical films
To study the composition of spontaneously grafted films, gold plates were immersed for 1h
in an aqueous solution (H2O DI pH = 5.5) containing only the NBDT diazonium salt. The
substrates were analyzed by contact angle measurements, IR-ATR and XPS, after a rinsing
procedure consisting in a simple wash with water, ethanol and acetone followed by 5 min
sonication in DMF (as described in II.3.5) supposed to remove all the non-grafted species from
the surface. The usual settings for the acquisition of data are detailed in appendix 1.
IR-ATR is a usual technique for the determination of the chemical composition of materials
particularly adapted for studies on thin films and flat reflective surfaces. The spectrum
corresponding to the spontaneous grafting of NBDT on gold is shown in Figure 28 and the
assignment of the peaks is summarized in Table 369. It exhibits two absorption bands at 1525
and 1350 cm-1 attributed to, respectively, the asymmetric and symmetric stretching of NO2
groups linked to aryl and a third weak one at 1600 cm-1 consistent with the presence of aromatic
rings in the organic layer. Moreover, it is noteworthy that no band in the 2300-2130 cm-1 region
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for the stretching of the N≡N bond in the diazonium cation14, 69 is present in the spectrum, which
indicates the loss of the diazonium group during the process. According to previous results on
the electrochemical grafting of NBDT on gold electrodes54, 60, 70, it can be concluded that this IR
spectrum is characteristic of a polynitrophenylene-like (PNP) layer.
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Figure 28 – IR-ATR spectrum of PNP layer spontaneously grafted on 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 spontaneously grafted film on gold plate from a
NBDT aqueous solution.

Wavenumber (cm-1)
1600
1525
1350

Vibrations
νC=C
νasNO2
νsNO2

Assignments
aryl group
nitro group
nitro group

The presence of an organic film on gold substrate after spontaneous reaction is also
supported by static water contact angle measurements. Pristine gold substrate gives an angle of
94 ± 6° and this value decreases to 72 ± 3° after grafting as illustrated in Figure 29. However, a
value of 58 ± 4° for a PNP layer was reported60, 71. The difference in contact angle could be
explained by a low grafting density of polynitrophenylene on the surface giving an intermediate
value between the bare substrate and a typical PNP film.

Figure 29 – Static water contact angle of a) pristine gold substrate and b) after spontaneous grafting of
NBDT.

The N 1s core level XPS analysis (Figure 30) confirms the presence of the PNP layer on the
gold substrates. No peak that would be attributed to nitrogen atoms in diazo group can be
observed indicating a transformation of the diazonium cations7. First, the peak centered at
405.8 eV is attributed to nitro groups60,

72, 73

. Since it has a large FWHM (full width at half
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maximum), the broad peak around 400 eV can be decomposed in two peaks (corresponding to
NH2 or/and N=N groups) as it will be discussed below. Finally, the peak at a lower binding
energy (397.5 eV) is assumed to indicate the presence of Au-N bonds since a similar binding
energy peak was found when studying gold nitrite74 or electrochemical oxidation of aliphatic
amines75. To the best of our knowledge, this is the first time that such a bond, characteristic of
the interface, is observed in the case of the grafting of diazonium salts on gold. The most similar
results dealing with the existence of substrate N=N bonds at the interface concerns the grafting
of diazonium salts on carbon (detailed in III.3.1.3). The C 1s core level analysis (not presented
here) also confirms the presence of a PNP layer on the gold substrate.
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Figure 30 – Typical XPS N 1s core level spectrum of PNP layer spontaneously grafted on gold plates
obtained by immersion of the substrates in a 0.046 M NBDT solution for 60 min.

Owing to similar IR intensities and XPS spectrum than thiol derivated nitrobenzene
monolayers on gold (the total N 1s peak area is 350 a.u. in case of diazonium salt derivated
nitrobenzene layers and 460 a.u. in case of thiol derivated nitrobenzene monolayers), we assume
that this polynitrophenylene-like layer is very thin. However, we did not manage to get a
relevant measurement of the thickness of the films. Indeed, the roughness of the gold substrate
(cf II.3.4.2) in the case of measurements with both profilometer and ellipsometer in addition to
the lack of adequate models of organic layers on gold in the latter case were the main obstacles.
Therefore, the comparison of the graftings will only be based on the variation in IR absorption
intensity of the characteristic nitro bands and on XPS measurements. However, in the case of
IR-ATR, in view of the range of absorption values we will deal with in this case (between 0 and
1 %), it is important to be aware of the limits of this technique. The limiting factor in the
comparison of the samples is not the sensitivity threshold of the equipment (close to 0.05%) but
the variability of the ATR measurements. Indeed, IR-ATR measurements are influenced by
environmental factors (for instance the pressure applied on the sample ensuring a good contact
with the ATR crystal) as well as parameters inherent to the sample (for example its roughness).
Regarding the spontaneous grafting of NBDT in H2O DI, the variation on the intensity of the
symmetric stretching of NO2 groups (νsNO2) around the average value reaches ± 0.02 % when
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considering measurements taken on the same sample (based on three points of measurements
along the substrate), approximately ± 0.03 % for measurements on three different samples
grafted in the same reactive solution (coming from the same evaporation batch of gold) and
± 0.08 % if comparing measurements on films synthesized separately (over two years). As a
result, we will only compare samples first obtained during the same gold evaporation then,
when possible, grafted in the same solutions or made of the same reactants. Moreover, in the
case of XPS measurements, comparisons of grafting will only be undertaken for samples
analysed in a row.
Before going into further details in the study of the spontaneous grafting on gold, we will
describe the assignments of the broad XPS peak in the N1s spectra and discuss the origins of the
corresponding groups which presence could be useful for the understanding of the mechanism
of this process.
III.3.1.1 - Assignments of the peak at 400 eV
The attribution of the large peak at 400.0 eV was achieved using a parallel with PNP films
synthesized by the electrochemical reduction of NBDT. Although the first team to have
successfully grafted NBDT on GC plates did not mention any peak around 400 eV in their
study, the existence of such a peak was later observed by Allongue and coworkers47 who, at the
time, considered it as contamination. That interpretation of the peak was however quickly
discarded and changed for the presence of amine (–NH2)10, 76, azo (–N=N–)11, 20, 77, 78 groups or
both14, 52, 71 as detailed by Downard and coll.71. Even though some of the authors do not fit this
signal with two peaks in the case of the grafting of NBDT53, it is likely that the component
around 400 eV is constituted by both types of groups since the signal is broad.
The most relevant study aiming at attributing the components of N 1s XPS signal was
recently conducted by Tessier and coworkers60. Through the analysis of physisorbed films on
gold substrates from aromatic molecules bearing nitro, amine, azo groups or combinations of
those groups, they clearly assigned the peak around 400 eV from the results summarized in
Table 4.
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Table 4 – XPS analyses of reference molecules and the assignments of their nitrogen groups extracted
from the work of Tessier60.

Name

Binding
Energy (eV)

Molecule

Assignments

1,4phenylenediamine

H 2N

NH 2

399.7

–NH2

4-nitroaniline

O 2N

NH 2

399.7
405.9

–NH2
–NO2

400.1

–N=N–

399.5
400.9
402.2
406.0

–NH2
–N=N–
N1s
–NO2

N

Azobenzene

Disperse orange

N

O2N

N
N

NH 2

Therefore, in accordance with those results, when the N1s peak at 400 eV is broad, we will
fit it with two components: one slightly below 400 eV corresponding to –NH2 groups and
another a little above 400 eV attributed to –N=N–. However, the origin of those peaks remains
unclear and will hence be discussed now.
III.3.1.2 - Origin of amino groups
Several papers on the spontaneous grafting or on the electrografting of NBDT reported the
presence of a XPS peak corresponding to –NH2 groups in the grafted films on gold17, 50, 51, 79 as
well as on iron14, carbon31, copper and zinc10, 77. To date, two main explanations have been
proposed: the electrochemical reduction of the NO2 group in protic media or its reduction under
exposure to X-ray irradiation.
Electroreduction of nitro –NO2 groups
Aminophenyl groups are known to be formed by the reduction of nitrophenyl groups on the
surface of the substrate in acidic media in presence of electrons as represented in Scheme 44.

Scheme 44 – Reduction of nitro groups into amino groups in acidic media extracted from Delamar’s
work80.
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Such a reduction was studied by Delamar et al.80 in protic (10/90 v/v EtOH/H2O) and in
acidic (10 % H2SO4) media on PNP electrografted carbon fiber electrodes. In both cases, they
managed to observe the reduction peak of NO2. Later, by XPS analysis of aryl-modified glassy
carbon electrodes after polarization, Bélanger and coworkers52 demonstrated that according to
the selected potential, the nitro groups could be partially or totally reduced in amino groups.
More recently, a study on the electrochemical response of reduced PNP films on glassy carbon
also confirmed the conversion of nitro into amino groups in protic media71.
Regarding the spontaneous grafting, experiments were performed in acidic media.
Nevertheless, an electron transfer has not been demonstrated. In the case of the process induced
by a reducing agent (described in chapters IV, V and VI), involving electron transfer, a similar
pathway for the formation of amino groups as the one proposed by Delamar could be
contemplated. However, the experimental conditions in such experiments are quite far from
those commonly used and –NH2 groups were also observed in H2O DI (pH = 5.5) which is the
main solvent in this work. Therefore, it is very unlikely that the reaction described above can
occur in our case. Exposure to X-ray irradiation will be thus considered as another pathway to
explain of the presence of the amino groups in the PNP films.
Exposure to X-ray irradiation
The degradation effects of XPS on terminal groups were already observed in the case of Br-,
CH3- and COOH-terminated alkylsilane self-assembled monolayers principally on silicon81, 82.
Hence, as mentioned in electrochemical grafting studies of PNP layers, the reduction of nitro
groups in the films under the effect of X-ray irradiation during XPS analysis was considered14,
71, 77

.

The first evidence of the transformation of surface NO2 groups to amino groups upon
photoelectron irradiation was shown by Grunze and coll.83 during their work on biphenylthiol
monolayers on gold. A new peak at 399.3 eV in the N1s XPS spectrum and the disappearance of
the peak characteristic of nitro groups at 406.0 eV was observed. Later, Mendes and
coworkers84 demonstrated a similar behaviour in the case of arylnitro-terminated silane
multilayers grafted on silicon substrate and proved a partial desorption of nitrogen groups, since
the total nitrogen signal was slightly decreasing upon X-ray exposure. The results obtained by
Iqbal et al.85 on an X-ray study of SAMs with irradiation time suggested that such a reduction
was essentially observed on nitro groups attached to an aromatic ring.
However, although this phenomenon was frequently observed, only a few authors suggested
a possible mechanism of the X-ray-induced reduction of nitro groups into amino groups, for
which electrons and protons are a priori required. Secondary photoelectrons emitted during the
XPS analysis constitute the source of electrons. As for the hydrogen atoms required, Grunze and
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coworkers83 suggested that they were generated by the electron-induced dissociation of the C-H
bonds in the biphenyl units whereas for Han et al.86 it is more likely that hydrogen atoms come
from water or solvent molecules trapped within the monolayer.
To conclude, PNP films are prone to substantial chemical transformations during XPS
measurements. However, as the XPS spectra presented in Figure 30 displays both nitro and
amino groups, it is likely that the reduction of –NO2 to –NH2 groups is only partial and mainly
involves nitro groups from the outer surface of the film. Since the presence of amino groups in
the films may come from an undesirable reaction during the XPS analysis, experiments were
performed in order to make sure that no amino groups were present prior to the XPS
characterization of the films.
Investigation of the presence of amino groups in PNP films before XPS analysis
A priori, the presence of NH2 groups could be detected easily by performing the IR analysis
of the PNP films. The characteristic bands of NH2 groups should be found between 3300 and
3500 cm-1 in the case of νNH2 and in the 1580-1650 cm-1 range for νCNH. However, the former
band is hidden by the presence of a large signal attributed to liquid water in the MCT detector
(condensation phenomenon at low temperature) and the latter band could be mistaken for the
νC=C absorption from the aromatic cycle. Consequently IR-ATR cannot be used in this case to
characterise the presence of amino groups in the films. Therefore, we concentrated on
alternative ways based on the reaction of –NH2 groups and the detection of the induced changes
in the film composition.
The first reaction tested was an acetylation reaction consisting in immersing, for a few
minutes, the PNP grafted samples in a trifluoroacetic anhydride solution (0.4 M) in THF83 in
order to form an amide bond. Spontaneously grafted films as well as layers synthesized through
the induced reduction of NBDT by a reducing agent were studied. In both cases, no absorption
band typical of an amide bond (around 1690 cm-1) was detected in the corresponding IR spectra.
Therefore, the presence of amino groups in grafted films seems unlikely. In order to confirm
this hypothesis, we performed a diazoniation reaction. Indeed, as described in II.3.1.1,
diazonium salts can be synthesized from aromatic amino compounds. Such a transformation of
a polyaminophenylene films grafted on gold into a layer with terminated diazonium groups was
already achieved by Viel et al.87. After 1 min in a NOBF4 solution (10-3 M) in ACN, the two
types of PNP films mentioned above were characterized by IR. The spectra remains the same
than prior to the oxidizing treatment. No additional band around 2300 cm-1 that could be
assigned to aryldiazonium stretching was observed.
From those results, it can be concluded that the presence of amino groups in the film directly
after synthesis is very unlikely. Consequently the presence of NH2 signals on the XPS spectrum
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can be most likely attributed to the reduction of nitro groups into amino groups under exposure
to X-ray irradiation during the XPS analysis. Therefore, in the following XPS analyses, the
amount of nitro groups in the films will be calculated by adding, on top of the observed area of
the NO2 peak, the area of the peak attributed to the amino groups and sometimes to protonated
amine NH3+ as described in IV.1.2. Let us now deal with the origin of the other nitrogen
contribution in the XPS peak at 400 eV identified as azo groups.
III.3.1.3 - Origin of azo groups
The presence of azo groups in grafted films from diazonium salts was studied by XPS14, 60 as
well as ToF-SIMS77. As in the case of NH2 groups, the origin of azo groups in the films was
widely discussed in the literature and to date is still under debate14, 51, 71. The main mechanisms
proposed so far describing azo bridges at the surface and within the film will be detailed below.
Bélanger and coll.20, 78 were the first to propose a mechanism for the existence of azo groups
in such organic layers. By undertaking a study of the spontaneous reaction between carbon
black and aryldiazonium salts in aqueous solution, they assumed that the linkage arises from a
diazonium coupling reaction between the phenolic functionalities on the carbon surface and the
diazonium cation as represented in Scheme 45b. In our case, although azo bridges are observed,
the substrate employed (gold plates) is very unlikely to display such functionalities. Moreover,
such a mechanism suggests that azo groups are only located at the film-substrate interface.
However, according to the XPS area ratio of Au-N/–N=N– found in typical films such as the
one shown in III.3.1, it is likely that azo groups are present within the whole film thickness.
Therefore, it is very probable that another mechanism is involved in the case of graftings on
gold.

Scheme 45 – Possible linkage between aryl groups and a carbon surface by a) a C-C bond and b) an azo
bridge in ortho of a phenolic functionality extracted from the work of Bélanger et al20.

An alternative explanation involves the formation of an intermediate diazenyl (or azophenyl)
radical during the reduction of the diazonium cation. Indeed, according to Galli88, when a
diazonium salt acquires an electron it creates a diazenyl radical (R-Φ-N=N●), a rather labile
species, that can gives up dinitrogen to form an aryl radical (R-Φ●). The reaction of this diazenyl
radical on an aromatic ring previously attached on the surface or directly on the surface, as in
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Scheme 46, was considered by Laforgue and coworkers49 to explain the presence of azo groups
inside the layer as well as the film-substrate interface (whatever the substrate).

Scheme 46 – Potential mechanism involving diazenyl radical to explain the presence of azo groups
extracted from the work of Laforgue et al.49.

The previous mechanism implies the existence of a diazenyl radical. However, according to
Doppelt et al.77, it is a very unlikely mechanism since such intermediate species can only be
produced at high driving force (pulse radiolysis) or at very negative potentials. Consequently,
they proposed another mechanism, summarized in Scheme 47b, for the formation of azo bonds
in those organic films derived from the growth mechanism of electrochemically grafted
polyphenylene layers.

S=Substrate

Scheme 47 – Proposed mechanism for the formation of azo bonds extracted from the work of Doppelt et
al.77.
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That mechanism cannot however explain the presence of azo bridges at the film-substrate
interface. Although the existence of Cu-N=N-Φ structures was reported to be very unlikely
since the two nitrogen atoms were expected to give separate peaks in the XPS analysis, in our
case, we have clearly identified the presence of Au-N bonds. Therefore, a mechanism in
agreement with this latter result has still to be determined.
III.3.1.4 - Conclusion on the structure and chemical composition of the
films
To sum up, from the IR and XPS characterizations, the structure of spontaneously grafted
films on gold from NBDT has been deduced and is represented in Scheme 48. The presence of
expected C=C bonds (IR: ν=1600 cm-1) as well as nitro groups (IR: νasNO2=1525 cm-1,
νsNO2=1350 cm-1; XPS: BENO2 ≈ 406.0 eV) has been detected. The XPS analysis has also
revealed the existence of NH2 groups (BENH2 ≈ 399.5 eV). Since amino groups are certainly due
to the reduction of nitro groups under X-ray irradiation during the XPS analysis, those amino
groups will be counted with the NO2 groups upon quantitative comparisons. Azo bridges inside
the

films

(BEN=N ≈ 400.5 eV)

and

Au-N

bonds

from

the

film-substrate

interface

(BEAu-N ≈ 397.5 eV) have also been identified in the PNP films. To date, no mechanism can
fully explain the presence of both species in the spontaneously grafted PNP films.
NO2

N

N
NH2

N
N

NH2

NO2

Scheme 48 – Structure of NBDT spontaneously grafted films on gold deduced from surface
characterizations.

III.3.2 - Previous mechanisms proposed
The spontaneous grafting of a polyphenylene layer on gold has already been reported in
2002 by Fan et al.89 in acetonitrile and explored later in various media17,

18

by different

techniques including scanning electrochemical microscopy (SECM)90 and surface-enhanced
Raman scattering (SERS)42. However, the mechanism involved in this phenomenon remains
unclear although the following propositions were made.
As mentioned above, gold should, a priori, not be able to reduce diazonium salts into the
corresponding aryl radicals. However, according to Downard and coll.17, the spontaneous
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reaction in aqueous acid solutions can proceed via an electron transfer from the gold to the
diazonium cation. Indeed, Downard and coworkers described a jump in the open-circuit
potential (OCP) of the gold working electrode upon the introduction of the diazonium salt in
solution, followed by a slow decay of the OCP. As the increase in the OCP of conductive
surfaces could indicate the accumulation of positive charges on its surface, they assigned this
behavior to an electron transfer from the gold to the diazonium cation. The slow decrease of
OCP was associated with the discharge of accumulated positive charges, perhaps through slow
oxidation of adventitious impurities in the reaction solution. Hence, aryl radical species should
be produced from that spontaneous electron transfer. However, when we immersed gold
substrates in a NBDT/HEMA aqueous mixture (without any reducing agent), we did not
observe any grafted PHEMA on the gold surface. Owing to the expected mechanism of
GraftfastTM experiments (briefly described in II.1), we can state either that no aryl radicals
initiated the radical polymerization of the vinylic monomer or that the amount of radical species
produced was too low to end up grafted on the surface or simply to be detected on the surface
by XPS. Therefore, our experiments are not in agreement with this spontaneous or
“gold-activated” homolytic dediazoniation of diazonium salts.
A second mechanism going through a heterolytic pathway could also be envisaged. Such a
dediazoniation would lead to the formation of nitrobenzene cations (known to be intermediate
species in the degradation of the diazonium salt into nitrophenol91) able to graft spontaneously
on electron rich surfaces such as metals. Nevertheless, this mechanism involving cationic
species would not be consistent with the grafting in basic solution observed by Podvorica et al.18
assumed to occur at pH 10 via the spontaneous homolytic dediazoniation of diazoates producing
aryl radicals.
Therefore, as concluded from a solution study conducted by Pazo-Llorente and coworkers92,
a variation of the dediazoniation mechanism according to the solvent is very likely. We have
thus focused in the understanding of the mechanism in the case of the spontaneous grafting in
the main media used in the anchoring processes described in this work i.e. in aqueous solutions
(unless otherwise mentioned in the case of very particular experiments). First, the conditions
required in order to observe an organic layer on the gold substrates will be explored and then,
several mechanisms will be investigated in order to find the grafting mechanism fitting the best
our experimental results.
III.3.3 - Occurrence of the spontaneous grafting
In this part, the main parameters of the grafting such as the nature of the diazonium salt and
the influence of its concentration on the grafting but also various solvents will be investigated
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with a view to determine whether specific conditions are required to observe a spontaneously
grafted film.
III.3.3.1 - Diazonium salt
The spontaneous grafting on gold has mainly been reported in the literature in the case of
NBDT17, 18 and more rarely MBDT17 and bromobenzenediazonium salts18. We decided to test
such a grafting with diazonium salts bearing groups with a large range of inductive and
mesomeric effects, such as nitro, carboxy, bromo, thiomethyl and methoxy-benzene diazonium
salts. Since some of those groups do not have a clear IR signature, the grafted samples were
analysed by XPS. In all cases, a successful spontaneous grafting was identified thanks to the
presence of a component around 406 eV (N1s) attributed to nitro groups in the case of NBDT,
of a COO component (at 288.6 eV C1s) in the case of carboxy benzene diazonium salt, of a
bromine signature in the case of Br diazonium salt, of a sulphur signal in the case of SCH3
compound and of a more intense area of C-O bonds in the case of the grafting of MBDT. The
N1s XPS spectra of the films obtained from all the diazonium salts tested are represented in
Figure 31.
13500

-NO2

-NH2/-N=N- Au-N

13000
-NO2

CPS

12500
12000
11500

-SCH3
-COOH
-Br

11000 -OMe
10500
410 408 406 404 402 400 398 396 394

Binding Energy (eV)
Figure 31 – XPS N 1s core level spectrum of spontaneously grafted layers on gold plates obtained by
immersion in a 0.046 M NO2, COOH, Br, CH3S, CH3O-benzene diazonium salt solution for 60 min.

In all cases, a component attributed to –N=N– bonds was identified (see III.3.1.3 for
formation mechanisms). As previously observed in the case of the grafting of NBDT on gold,
Au-N bonds were also detected when the Br- and CH3S- diazonium salts were used, which
suggests the presence of azo bonds at the film-substrate interface. No Au-N bonds could be
observed in the spectra corresponding to the grafting of carboxy or methoxy benzenediazonium
salts. It is however possible that both salts led to the formation of thicker or denser phenylene
films than the other studied ones. Indeed, an Au-N signal could be hidden by the much larger
N=N one, preventing its detection. Therefore, the spontaneous grafting is a process that seems
to occur whatever the diazonium salt. However, no clear effect of the nature of the para
113

Chapter III – Spontaneous grafting of diazonium salts

substituent could be found: groups with theoretically similar electronic effects such as
thiomethyl and methoxy groups gave different results. Moreover, in three cases (nitro, carboxy,
and thiomethyl-benzene diazonium salts), the observed spontaneous grafting mechanism comes
with the formation of Au-N bonds.
In all those cases, we attempted to estimate the thickness of the grafted layers by using the
decrease of the Au 4f 7/2 XPS signal upon the presence of the film (as detailed in V.2.6.1).
However, the calculated thickness values were found identical to those of a pristine gold
substrate (around 5 – 6 nm) which is possibly attributable to the fact that the value of the
electron attenuation lengths employed in the formula was determined for flat and perfectly clean
substrates which is far from being our case.
Since the nitro groups can be easily identified by IR and XPS, the study on the spontaneous
grafting will be principally conducted with NBDT. To go further, we studied the influence of
the concentration of NBDT in the spontaneous grafting on gold in aqueous solution (H2O DI).
The results of the IR-ATR analysis of the films after the rinsing procedure as a function of the
amount of NBDT in solution are presented in Table 5. The absorption band corresponding to the
symmetric stretching of aryl-NO2 group was chosen to compare the samples since, among the
three main characteristic bands of PNP films, this one gives the highest intensities.
Table 5 – Intensity of the νsNO2 absorption band from the IR-ATR analysis of the spontaneous grafted
films obtained after 1h immersion of gold plates in H2O DI solutions of various concentrations of NBDT.
[NBDT] (M)

n (mol)

I νsNO2 (%)

4.6 10-2

2.5 10-3

0.23

-2

1.3 10

-3

0.21

5.5 10

-4

0.219

2.5 10

-4

0.24

5.5 10

-5

0.22

10-4

5.5 10-6

0.25

10

-5

5.5 10

-7

0.20

10

-6

5.5 10

-8

0.10

10-7

5.5 10-9

0.01

-8

-10

2.3 10
10

-2

4.6 10
10

10

-3

-3

5.5 10

-

These results show that similar amounts of grafted nitro groups are observed when the
concentration of diazonium salt is higher than 10-5 M. The same value decreases with the
concentration below that threshold and is negligible for a concentration of 10-8 M. Lehr et al.17
calculated a packing density of 12 x 10-10 mol.cm-2 for a close-packed layer of nitrophenyl
groups on a flat surface. In our experiments, the gold plates had a surface area of 2.1 cm2, which
means that 3 x 10-9 mol of diazonium salt should be enough to obtain a compact layer of
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nitrophenyl groups on the surface of the substrate. Our experiments however demonstrated that
working with at least 5.5 x 10-8 mol of NBDT in solution, corresponding in this case to a NBDT
concentration in solution of 10-6 M, was required to obtain a detectable grafted film. Therefore,
such a reaction on gold is likely to occur (almost) whatever the concentration in diazonium salts
provided it is higher than 10-6 - 10-7 M. Moreover, it indicates that all the diazonium salt in
solution did not contribute to the formation of the film.
III.3.3.2 - Solvents
Another important parameter of the spontaneous grafting system lies in the solvent of the
reaction. We first tested the influence of the pH (with HCl and H2SO4) of the solutions. The
results obtained are summarized in Table 6, but they are difficult to analyse since the observed
differences are quite low, and the IR intensities belong to the range of variations that can be
attributed to the IR-ATR measurement itself (see III.3.1). However, by analogy with works
carried out in acidic media by Downard17 and Pinson18, such IR intensities are estimated to
correspond to thicknesses from 1.3 to 1.7 (± 0.5) nm. Whatever the acid (HCl or H2SO4), the
main tendency, extracted from Table 6 and in comparison with the IR absorption values
obtained in H2O DI, is the lower the pH, the lower the amount of grafted matter. Some
spontaneous grafting from NBDT is however observed whatever the pH and the acid used to
control this pH.
Table 6 – Intensity of the νsNO2 absorption band from the IR-ATR analysis of the spontaneous grafted
films obtained after 1h immersion of gold plates in 0.046 M NBDT HCl and H2SO4 solutions of various
pH at room temperature.
Solvent

pH

I νsNO2 (%)

0.3

0.07

1.10

0.06

HCl
1.96

0.17

3.05

0.17

Solvent

H2SO4

pH

I νsNO2 (%)

0.30

0.12

1.32

0.13

1.88

0.19

2.68

0.20

To go further in the study of the reactive medium and to conclude on the role of aqueous
solutions on the reaction, the spontaneous grafting process was also tested in acetonitrile with
NBDT. The signal from the IR analysis of the samples grafted in ACN was very weak: 0.07 %
for the symmetric stretching of NO2 groups. Although Lehr et al.17 found no evidence for such
reaction in ACN, the N1s XPS spectrum of our gold substrate after rinsing (Figure 32), proves
the grafting of a PNP layer in this solvent. The peak centered at 400.0 eV is very large.
Therefore, its decomposition in two peaks attributed to NH2 and N=N groups (see III.3.1.1) is
justified. As for the spontaneous grafting of NBDT in H2O DI, Au-N bonds are present in the
film and in very similar proportions to nitrogen atoms involved in –N=N– bonds (XPS area of
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Au-N ~ 339 a.u. and of –N=N– ~ 381 a.u.) indicating that almost all the azo bonds are located at
the film-substrate interface.
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Figure 32 – XPS N 1s core level spectrum of PNP layer spontaneously grafted on gold plates obtained by
immersion of the substrates in ACN with 0.005 M NBDT for 60 min.

In order to confirm the existence of a spontaneous grafting of diazonium salts in organic
media and to widen the range of diazonium salts tested, the same reaction was carried out with
4-trifluoromethylbenzene diazonium (see appendix 2 for its synthesis). Indeed this salt can only
be used in organic media because of its solubility and, due to steric effects of the CF3 in para
position, is assumed to limit the growth of the layer. Since the expected grafted film does not
present any good marker for IR-ATR measurements, the sample was only characterized by XPS
(Figure 33). The two components at 292.6 eV (C1s) and 687.9 eV (F1s)73 can be attributed to
C-F bonds from the trifluoromethyl group. The normalized XPS area of those two bands are in
accordance since A(C1s C-F) ≈ A(F1s C-F)/3 ≈ 150 a.u. The other peak in the F1s spectrum is
assumed to come from inorganic fluorides (BF4-)9, 14. The N1s spectrum is also very rich. It
contains gold nitrides (398.1 eV), azo groups both from the interface and the film (400.0 eV)
and an unknown peak at 401.6 eV. That latter component could be assigned to unreacted
diazonium groups32, 49, 51. Once again, it is interesting to compare the XPS areas. It seems that
there is more azo bonds inside the films than at the interface (A(N=N)interface = A(Au-N) = 40
a.u. and A(N=N)inside = (A(N=N)total - A(N=N)interface)/2 = 82 a.u.). Moreover, from the
comparison of XPS areas, it can be deduced that around 80 % of the trifluoromethylphenyl
groups are linked by an azo bond to the substrate (surface or organic moieties already grafted)
whereas the rest is directly attached to it. To conclude, all these results indicate that a
poly(trifluoromethylphenylene) film was successfully grafted. The spontaneous grafting on gold
in ACN is therefore confirmed and the resulting films 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 of spontaneously grafted layers on gold plates
obtained by immersion in a 0.046 M F3C-benzene diazonium salt solution for 60 min after rinsing and
30 s US in acetonitrile.

III.3.4 - Investigation of the mechanism of the spontaneous grafting on gold
We showed above that spontaneous grafting can be achieved with various diazonium salts, in
aqueous or in organic media. We will now focus on finding a mechanism fitting all our
experimental results. The first mechanism to be considered is simple and consists in a
mechanical anchorage of the diazonium salts on the surface. Then, we will deal with more
common pathways such as cationic and radical mechanisms. To finish, we will propose the
involvement of another type of mechanism.
III.3.4.1 - A mechanical anchoring?
Due to the roughness of the substrate, the possibility of a mechanical anchoring of diazonium
salts where phenyl molecules are embedded on the surface was our first assumption.
Quartz crystal microbalance (QCM) could have been an interesting tool to characterise the
spontaneous grafting on low roughness gold substrate (golden quartz crystal resonators RMS
roughness of 1.6 nm). Indeed, the addition of molecules at the surface of the resonator induces a
change in resonance frequency of the crystal allowing determining the mass of grafted or
deposited film per unit area. However, the sensitivity of the microbalance in water93 is around
180 µg.cm-2. Consequently, with a packing density of 12 x 10-10 mol.cm-2 i.e. 0.15 µg.cm-2 for a
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close-packed layer of nitrophenyl groups on a flat surface, the spontaneously grafting is
certainly not detectable.
Therefore, we concentrated on the surface study of the spontaneous grafting on gold
substrates with a lower roughness than glass/Cr/Au plates. Mica/Au substrates could not be
employed in this study since such gold layer is very fragile in aqueous solutions. Thus, only the
grafting on Si/Cr/Au substrates was investigated. As calculated from the 1 x 1 µm² AFM image
in Figure 34, Si/Cr/Au wafers have a RMS roughness of 2.9 nm whereas glass/Cr/Au plates
displayed a roughness of 5.1 nm (as shown in II.3.4.2).
22 nm

200 nm
0
Figure 34 – 1 x 1 µm² AFM image of pristine Si/Cr/Au substrate.

IR-ATR analysis showed that grafted Si/Cr/Au sample contains less nitrophenyl groups than
glass/Cr/Au plates (I νsNO2-Si/Cr/Au = 0.1 % and I νsNO2-glass/Cr/Au = 0.25 %). XPS measurements
confirmed this tendency (Table 7). The XPS area corresponding to NO2+NH2 groups is
approximately twice smaller in the case of Si/Cr/Au samples but the corresponding film still
contains Au-N bonds as well as azo bridges. However, from IR and XPS, there is no evidence
of diazonium groups (–N2+). Hence, the grafting does not seem to come from a mechanical
anchoring of the diazonium salts on the surface. The differences observed between glass/Cr/Au
and Si/Cr/Au samples can be simply explained by a higher specific surface area for the higher
roughness samples, i.e. glass/Cr/Au, which involves a variation of reactivity of the surface.
Another mechanism is therefore likely to take part in the spontaneous grafting of diazonium
salts on gold.
Table 7 – XPS areas of the nitrogen components of PNP layers spontaneously grafted on Si/Cr/Au and
glass/Cr/Au substrates obtained by immersion (1h) in 0.005 M NBDT H2O DI.
Area of the N 1s components (a.u)
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Si/Cr/Au
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Au-N

44
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N=N
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222
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III.3.4.2 - A cationic mechanism?
The hypothesis of a cationic pathway in the spontaneous grafting of diazonium salts on gold
was tested by varying several parameters such as the exposure to light or dark, the acidification
of the media and the temperature.
The effect of light is gathered in Table 8 at room temperature as well as at 2°C. Carrying out
the reaction in the dark gives less grafted nitrophenyl groups than under light exposure, but a
grafted film was anyway obtained. Besides, photochemical decomposition of diazonium salts in
water was reported in the literature to lead to aryl cations94. Therefore, we assumed that a
cationic mechanism plays a role in the spontaneous grafting on gold. The corresponding
grafting mechanism could be described as followed: first, due to the short lifetime of aryl
cations in water, only those formed near the substrate would attach to it and then, aryl cations
could contribute to the growth of the films by their addition on aromatic rings already grafted on
the gold surface followed by the elimination of H+.
Table 8 – Intensity of the νsNO2 absorption band from the IR-ATR analysis of the spontaneous grafted
films obtained after 1h immersion of gold plates in 0.046 M NBDT H2O DI solutions at light exposure or
in the dark at room temperature and 2°C.
RT

2°C

Light

Dark

Light

Dark

0.21

0.12

0.19

0.12

I νsNO2 (%)

Such hypothesis of a cationic mechanism is confirmed by the previously described
experiments on the influence of the pH on the grafting (cf III.3.3.2). From the results presented
in Table 6, we concluded that the lower the pH, the less nitrophenyl groups are detected on the
surface. This is also in good agreement with the data collected in the case of the spontaneous
formation of films in phosphate buffer solutions of various pH (Table 9). Indeed, diazonium
salts are claimed to be more stable in acidic solutions since it limits their decomposition into
aryl cations via a heterolytic pathway95, 96. However, in HCl solution, Cl- can act as a quencher
of phenyl cations which would thus explain the observation of less nitrophenyl groups in the
films in comparison with films synthesized in H2SO4. Therefore, the involvement of a cationic
mechanism in the spontaneous grafting of diazonium salts on gold is likely.
Table 9 – Intensity of the νsNO2 absorption band from the IR-ATR analysis of the spontaneous grafted
films obtained after 1h immersion of gold plates in phosphate buffer solutions of 0.046 M NBDT.
pH

2.1

3.7

7.2

I ν NO2 (%)

0.15

0.2

0.43

s

The thermal decomposition of diazonium salts was also reported to form aryl cations94.
Therefore, the influence of the temperature on the reaction has been evaluated. It is clear from

119

Chapter III – Spontaneous grafting of diazonium salts

the results shown in Figure 35 that beyond 40°C, the temperature favors the grafting of
diazonium salts. Such a reaction cannot be considered as a spontaneous reaction since the
grafting is thermally assisted. Below 40°C, the influence of the temperature seems negligible,
although the experimented temperature range was limited. Therefore, the role of the thermal
decomposition of diazonium salts in aryl cations is difficult to evaluate. However, the existence
of a threshold temperature delimitating two different behaviours is not surprising since DSC
experiments in NBDT water solutions show an exothermic peak around 45°C corresponding to
the decomposition of the diazonium salt.
0.6
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quasi independent
of the temperature

I υsNO2 (%)

0.5
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of the temperature
on the grafting
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Figure 35 – Intensity of the νsNO2 absorption band from the IR-ATR analysis of the spontaneous grafted
films obtained after 1h immersion of gold plates in 0.046 M NBDT H2O DI solutions as a function of the
temperature.

To sum up, exposure to light as well as perhaps temperature was demonstrated to take part in
the spontaneous grafting of diazonium salts on gold in water through the formation of aryl
cations. To confirm the role of these parameters on the spontaneous reaction in general, their
influence was also tested in ACN since aryl cations have also been reported in this solvent97.
Moreover, working in ACN allows reaching much lower temperature than in water. By
combining precautions such as working in the dark and at low temperature (-18°C), the grafting
of NBDT as well as its trifluoromethyl counterpart was tested. Since experiments in the case of
both diazonium salts lead to similar conclusions, only the results obtained for the former
diazonium salt will be discussed. As shown in Figure 36, the data summarized in the table
indicate that in both conditions (light exposure at room temperature or dark at -18°C) films can
be obtained but their composition is slightly different. Indeed, although both films contain azo
bonds mainly located at the interface as previously described (III.3.1.4), there are more
nitrophenyl groups not linked through those bridges in the film formed under light exposure at
room temperature than in the film obtained in the dark at -18°C. Besides, even after taking all
the precautions possible to avoid the decomposition of the diazonium salts into aryl cations, a
non-negligible grafting of NBDT is still observed on gold at -18°C in the dark (corresponding to
4/5 of the total amount of nitrogen detected on the film formed at room temperature under light
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exposure). Therefore, it seems that exposure to light and to a lesser extent the temperature have
an only small influence on the grafting and are responsible for the presence of some nitrophenyl
groups (not linked via an azo bond) in the films. Consequently, we concluded that the
involvement of a cationic mechanism in the spontaneous grafting of diazonium salts on gold is
only partial; another mechanism has to be considered.
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Figure 36 – XPS analyses a) N 1s core level spectra and b) area of the nitrogen components of PNP layer
spontaneously grafted on gold plates obtained by immersion (1h) of the substrates in 0.005 M NBDT
ACN at -18°C and room temperature after rinsing and 30 s US in acetonitrile.

III.3.4.3 - A radical mechanism?
As a parallel with the mechanisms proposed in the case of the spontaneous grafting of
diazonium salts on reductive metals, a radical mechanism was considered to explain the
spontaneous grafting on gold.
The most common technique to study organic free radicals is the electron paramagnetic
resonance (EPR). Particularly, short lifetime free radicals can be detected and identified by a
spin-trapping technique. It consists in the addition of nitroso or nitrone compounds which give
stable nitroxide radicals as a result of spin-trapping the organic free radicals at stake. In our
case, 2-methyl-2-nitrosopropane MNP (Scheme 49) was used (see IV.2.2.2 and appendix 4).
The EPR study of a NBDT solution containing an excess of MNP spin-trap revealed no radicals.
Therefore, it tends to prove that no homolytic dediazoniation of the diazonium salt occurred.
However, this result has to be carefully considered. Indeed, as mentioned above in our
experiments, 3 x 10-9 mol of diazonium salt would be enough to obtain a close-packed layer of
nitrophenyl groups on our gold plates. The concentration detection limit of the EPR in our
experimental conditions has been estimated at 4 x 10-7 mol. Thus, it seems that the very low
concentration of aryl radicals needed to insure the grafting of a packed monolayer of PNP
cannot be detected by EPR. Therefore, it is difficult to conclude with this experiment on the
involvement of aryl radicals in the spontaneous grafting mechanism.
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O
N

Scheme 49 – Structure of the 2-methyl-2-nitrosopropane spin-trap.

An indirect way to demonstrate the presence of aryl radicals during the spontaneous reaction
consists in performing the grafting with an inhibitor of radical species in solution. Using
dioxygen as radical killer was discarded because the influence of O2 on the reaction was found
to be complex. Therefore, we focused on MNP from the EPR experiments as inhibitor. From the
IR-ATR data (Table 10), it seems that the grafting in absence or presence of MNP is different
since the intensity of the band associated to symmetric stretching of NO2 groups is weaker in the
latter case. This result could be explained by the formation of a less dense or thinner organic
layer i.e. with less NO2 groups.
Table 10 – Intensity of the IR-ATR νsNO2 absorption band of the spontaneous grafted films (1h immersion
of gold plates in 0.046 M NBDT H2O DI) with or without MNP spin-trap, in a nitrogen flow glove box.

s

I ν NO2 (%)

NBDT

NBDT + MNP

0.34

0.14

To go into further details, the substrates were characterized by XPS. Figure 37 shows clearly
that the amount of NO2+NH2+NH3+ in the film is higher for the reaction performed without
MNP, which is in agreement with the IR-ATR results. In addition, by studying carefully the
area of each nitrogen component present in the film, we found that the compositions of the two
samples are different. With MNP in solution, there are more Au-N bonds (i.e. azo bridges
between the surface and the film) but less azo inside the film. Moreover, most of the nitrophenyl
groups are attached to the substrate (surface or already grafted moieties) by an azo bond. This
suggests that, in contrast to what was observed for samples grafted in absence of MNP, almost
no nitrophenyl moieties have been directly grafted on the substrate in the case of the reaction in
presence of MNP. Therefore, according to the differences observed, a partial involvement of a
radical mechanism in the spontaneous grafting of diazonium salts on gold seems possible.
However, as a grafted film is still observed despite the presence of a spin-trap in the diazonium
salt solution, a radical mechanism alone cannot fully explain this spontaneous grafting. Before
looking for a complementary mechanism, the origin of the aryl radicals formation remains to be
investigated. Therefore, several hypotheses have been considered.
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Figure 37 – XPS analyses a) N 1s core level spectra and b) area of the nitrogen components of PNP layer
spontaneously grafted on gold plates obtained by immersion (1h) of the substrates in 0.046 M NBDT H2O
DI solutions in absence or presence of the MNP spin-trap, in a nitrogen flow glove box.

First, the spontaneous formation of the aryl radical could come from a homolytic
dediazoniation. However, the spontaneous formation of these radicals by this pathway is very
unlikely since it would lead to the formation of N2+●. Indeed, as outlined by Galli88, the
formation of aryl radicals from diazonium salts requires an electron transfer. Second, the
formation of those radicals in solution could be due to the reduction of the diazonium salts by
the chromium (E°Cr2+/Cr = 0.34 V) edges of the gold plates (cf II.3.4.2). The hypothesis was
however quickly eliminated because the containment of the reaction only on the gold surface
has given similar results as those obtained without these precautions. Hence, since no sensible
explanation could be given for the presence of aryl radicals in this reaction, we reconsidered our
experiment in presence of a spin-trap and attempted to answer the following question: is the
MNP spin-trap really selective of aryl radicals? Considering the availability of the lone pair of
its nitrogen atom, MNP may also react with aryl cations present in solution as demonstrated
above. Thus, we concluded that the decrease in nitrophenyl moieties in the case of films grafted
in presence of MNP was probably due to the unwanted reaction of the spin-trap with aryl
cations in solutions. Therefore, a radical mechanism does not seem to take part into the
spontaneous grafting.
III.3.4.4 - Another type of mechanism?
None of the previously described mechanisms can completely explain by itself the
spontaneous grafting of diazonium salts on gold. The main puzzling result is the presence of
Au-N bonds at the film-substrate interface. However, on the one hand, the diazonium salt is
electron deficient and its resonance structure presents a 2p vacant orbital on the terminal
nitrogen. On the other hand, gold is a d9 electron rich metal. Thus, the 5d orbitals of gold are
almost full and can possibly interact with other low energy vacant orbital such as the one of the
diazonium salt. Therefore, we assumed that diazonium cations could directly interact with the
gold surface via the diazonium group. Such a hypothesis is in agreement with experimental
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results. First, it explains the presence of Au-N bonds as well as azo groups at the interface.
Second, it is in accordance with the formation of “remaining” organic film whatever the
temperature, light exposure, the roughness of the gold surface, the medium, the presence of
quenchers and, in some extent, the concentration of the diazonium salt.
III.3.5 - Conclusion on the mechanism of the spontaneous grafting
The spontaneous grafting of diazonium salts on gold, resulting from the simple immersion of
gold substrates in a diazonium salt solution under ambient conditions (room temperature, light
exposure...), leads to very thin polyphenylene films. The growth of such film is assumed to
come from complementary mechanisms represented on Scheme 50 and seems to be limited to
only mono or bilayers. The first mechanism is likely to involve a direct reaction of diazonium
cations with the gold surface and forms Au-N=N-Φ-R bindings. The absence of Au-N bond
XPS signatures in the case of the grafting of COOH or MeO-benzene diazonium salts can be
attributed to the formation of thicker films in those cases, preventing the detection of the
interface bonds. The other phenyl groups in the spontaneously grafted layer are assumed to
come from the interaction of aryl cations, from the decomposition of the diazonium salt mainly
by light, with the surface or the other phenyl groups already bonded to the substrate. To finish,
since no aryl radical seems to be formed during this reaction, azo groups inside the film are
attributed to a diazonium coupling on the previously attached para substituted phenyl moieties.
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Scheme 50 – Mechanism proposed for the spontaneous grafting of NBDT on gold substrate.
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Summary
The spontaneous reaction of diazonium salts has been used for the grafting on various
substrates such as metals reducing enough to reduce themselves the diazonium cations into aryl
radicals but also on semiconductors and on carbon for which the grafting mechanism proposed
varies from diazonium coupling reaction to adsorption/decomposition pathways or homolytic
cleavage of diazonium anhydride according to the type of carbon used. It has been widely
employed since it consists in a simple immersion of the substrate in the diazonium salt solution.
As electrochemical processes, the spontaneous grafting is assumed to give covalently bonded
films. Resistances to solvents and to ultrasonication are commonly accepted as indirect proofs
of the existence of a covalent bond. However, the most relevant attempts to demonstrate a
metal-C interface bond were obtained by SERS on gold and by an XPS investigation of
spontaneously grafted films on copper. Similarly, our experiments give evidence of such a bond
in spontaneously grafted films on nickel substrates in acetonitrile. In the case of gold substrate,
the formation of a spontaneous film was unexpected but reported in the literature in parallel to
our observations. However, the detection of an Au-C bond by XPS is technically very unlikely.
Propositions to explain the grafting mechanism on gold have been made. Nevertheless, none of
them was fitting with our experimental results showing the presence of a Au-N bond. After
testing the most probable mechanisms, we have concluded in favor of the involvement of
complementary mechanisms which are the direct reaction of diazonium cations with the gold
surface as well as a cationic mechanism leading to the formation of aryl cations able to graft on
the substrate. However, it is important to underline that such process leads to films with a
limited thickness. Therefore, in order to obtain thicker polyphenylene films on any type of
substrates (including non-metals), the introduction of a reducing agent in solution has been
investigated and the mechanism of the grafting is discussed in the following chapter.
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As mentioned in II.3.2.2, the reduction of diazonium salts, by a reducing agent in solution,
into aryl radicals is a well known reaction1 and has been used during the last ten years as a way
to functionalize the surface of materials2-5. This redox-induced grafting of diazonium salts is an
anchoring method assumed to be based on an electron transfer reaction. First, with H3PO2 as a
reducing agent, the common functionalization of carbon materials will be reviewed, the
influence of most experimental conditions including reaction time on the grafting of
polyphenylene films on gold will be determined and possible grafting mechanisms will be
discussed. Then, to understand better this mechanism, another reducing agent, ascorbic acid,
will be studied to reduce the diazonium salts. Thanks to a dual surface-solution analysis and a
deep investigation of the composition of the reactive solution, a precise mechanism constituting
a first step towards the understanding of more complex mechanisms (i.e. in presence of a vinylic
monomer cf chapter V) will be proposed. To finish, we will compare the graftings that can be
obtained with those two reducing agents as well as iron powder (redox compound at the origin
of the GraftfastTM process) and discuss the parameters to consider in order to choose the
appropriate reducing agent for a given work.

IV.1 - Hypophosphorous acid (H3PO2)
H3PO2 has been commonly used in the reduction of diazonium salts in solution6-8 and more
recently with a view to functionalize carbon materials. Therefore, after description of previous
work on that latter topic, we will investigate the role of hypophosphorous acid and particularly
the influence of experimental parameters on the grafting of polyphenylene films on gold
substrates.
IV.1.1 - Grafting with H3PO2 in the literature
Among the techniques of functionalization available9, the homogeneous reduction of
diazonium salts by H3PO2 appeared to be an easy route for the derivatisation of a wide range of
carbon materials such as carbon powder10, 11, carbon particles4, carbon black5, glassy carbon12,
graphite12-14 and lately carbon nanotubes15-18. Indeed, this procedure allows avoiding
electrochemical methods as well as oxidative conditions and offers large possibilities in terms of
substituted aryl groups that can be grafted on the carbon surfaces.
On carbon electrodes and CNT, the chemical reduction by H3PO2 and grafting of diazonium
salts with anthraquinonyl and nitro groups was widely investigated. Indeed, carbon electrodes
are inexpensive compared to metallic ones (gold, platinum) and are also relatively inert in most
solutions and when functionalized, their properties can be tailored providing distinct advantages
for catalysis, analysis and biological applications13,
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. For example, the modification of

electrode surfaces by quinones enhances the rate of oxygen reduction16. Concerning CNT, their
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functionalization by organic molecules or functional groups aims at improving the properties of
the tubes such as their solubility in particular media or their binding ability to other materials
and are contemplated to be used, for instance, in polymeric nanocomposites20.
IV.1.2 - Our typical films
In the same way, we employed H3PO2 with a view to graft gold substrates with
polyphenylene films and we investigated the composition of the resulting layers, their
homogeneity as well as the influence of the main experimental parameters on the film in order
to conclude on the H3PO2-induced grafting mechanism.
As widely discussed in chapter III, a spontaneous grafting was observed on gold samples by
simple immersion in a solution containing the diazonium salt. Therefore, in order to evaluate the
influence of H3PO2 on the grafting, we will compare this redox-induced grafting with the
corresponding spontaneous reaction. Figure 38 shows clearly that the redox-induced grafting
technique gives polynitrophenylene films of similar composition than those spontaneously
grafted. Indeed, IR spectrum (Figure 38a) indicates the presence of nitro groups
(νasNO2 = 1525 cm-1 and νsNO2 = 1350 cm-1) as well as aryl groups (νC=C = 1600 cm-1). Moreover,
XPS spectrum (Figure 38b) confirms the existence of NO2 in the film but also of amino groups
assumed to come from the degradation of the nitro groups under exposure to photoelectron
irradiation during the XPS measurements as detailed in III.3.1.2. As in the spontaneously
grafted films, azo groups inside the film (N=N bonds) but also at the film-substrate interface
(Au-N bonds) were detected in the samples synthesized by redox activation. Another
component at 402.1 eV was also observed and attributed, in this situation, to protonated amino
groups (NH3+) as widely described in the literature21-23. Indeed, such groups can be seen when
working in an acidic medium which is the case here since the introduction of H3PO2 in solution
induces a drop in pH from 5.5 (H2O DI) to 0.55 (pKaH3PO2/H2PO2- ≈ 2 according to the
pH-potential diagram in III.3.2.2). To finish, according to the comparison of the IR intensities of
NO2 groups as well as the XPS areas of NO2 and related groups (NH2 and NH3+), the amount of
grafted nitrophenyl molecules is three to four times higher in the case of the H3PO2-induced
grafted films than spontaneous-ones for the same starting concentration.
In addition, contact angle measurements (Figure 39) confirmed that more nitrophenyl groups
were grafted on the surface by the redox-induced process since a classical value22, 23 (for a PNP
layer) of 59 ± 4° was measured, which is very different from the unusual value of 72 ± 3° found
after the spontaneous grafting. Nevertheless, we cannot precise whether the H3PO2-induced
process gives denser or thicker films since a relevant measurement of the thickness of the films
is still complicated for the reasons mentioned in III.3.1. The change in the color of the solution
with reaction time (starting from a pale yellow and reaching a dark brown) going with
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precipitation of some compounds also indicates a reaction process different from the
spontaneous grafting and will be discussed in IV.2.2.
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Figure 38 – Typical a) IR-ATR and b) XPS N 1s core level spectra of a PNP layer grafted by redox
activation (H2O DI, NBDT 0.046 M, H3PO2, 60 min) compared to the corresponding spontaneously
grafted film.

Figure 39 – Static water contact angle of a) pristine, b) spontaneously grafted and c) H3PO2-induced
grafted with NBDT gold substrates.

IV.1.2.1 - Homogeneity of the films
The influence of experimental parameters on the grafting was mainly studied by comparing
IR intensities of the symmetric stretching of NO2 groups on twelve different locations along the
same substrate, as represented on Figure 40. We voluntarily disregarded the two values
measured at the very top of the gold plates. Indeed, since the substrate was not fully immersed
in the solution, it is not surprising that these values do not fit at all with the other values.
Therefore, an average intensity value (νsNO2) of 0.84 ± 0.08 % was calculated. This variation is
certainly partially due to the variability of the ATR measurements (cf III.3.1) but mainly to the
homogeneity of the grafting which could be linked, for instance, to the stirring of the solution,
to variations in the surface reactivity, to the position of the sample in the beaker, etc. However,
it is interesting to notice that if we consider measurements performed at the same height on the
substrate the variation is smaller (0.01 % at the maximum). Consequently, with a view to
minimize as much as possible the influence of the homogeneity in comparative studies, we
arbitrarily chose to carry out all the IR-ATR measurements on the middle of all our samples.
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Figure 40 – Intensity of the νsNO2 absorption band from the IR-ATR analysis of the PNP films obtained
by the reduction, in water, of NBDT (0.046 M) with H3PO2 along the gold substrate.

To go into further details, the homogeneity of the film was evaluated at a smaller scale by
using IRRAS (infrared reflection absorption spectroscopy, see appendix 1) mapping focused on
the more intense band of NO2 groups at 1350 cm-1 (Figure 41). This particular technique should
naturally give intensity values different from IR-ATR and also suppress the uncertainty in
measurement due to the contact of the sample with the ATR crystal. As shown in Figure 41
(mapping on 6 mm2), the average νsNO2 absorption intensity value is 0.16 ± 0.02 %, which
indicates a 10 % systematic variation in the signal.
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Figure 41 – IRRAS mapping (6 mm2) of the νsNO2 band (1350 cm-1) from a typical PNP layer grafted by
redox activation in H2O DI.

To sum up, in order to avoid variations due to the homogeneity of the grafting, the IR-ATR
measurements were always performed in the middle of the substrate. Moreover, since in the
case of the redox-induced grafting of diazonium salts a 10 % variation of the IR average value
were monitored on the same sample, only a higher difference is considered relevant to evaluate
the influence of an experimental parameter on the grafting.
IV.1.2.2 - Rinsing procedure
To finish on the study of typical films grafted by the H3PO2 redox-induced process, the
efficiency of the rinsing procedure was evaluated. Indeed, it is important to ensure the removal
of all physisorbed matter to check the chemisorption process. The rinsing procedure used in this
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work (described in II.3.5) is composed of three main steps: a first wash in deionized water, a
second which alternates ethanol and acetone washes and a last one consisting in a 5 min
ultrasonic treatment in DMF. The IR-ATR spectrum of a PNP layer synthesized in water by the
H3PO2 redox activation of NBDT was recorded after each rinsing step (Figure 42). 93 % of the
pristine deposited matter was removed after the three rinsing steps, with 90 % of the drop in the
νsNO2 intensity observed after the water rinsing. This large decrease upon a mild rinsing
treatment is attributed without any doubt to the removal of physisorbed or unreacted nitro
compounds on the surface on the sample. Therefore, the remaining molecules on the surface
after the full rinsing process can be considered as chemically grafted since they resist to
ultrasonication treatment. Moreover, these results prove the importance of performing this
rinsing procedure on all the samples in order to be able to compare them.
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Figure 42 – IR-ATR spectra of a PNP layer grafted by redox activation (60 min, H2O DI, NBDT
0.046 M, H3PO2) after rinsing with water, ethanol/acetone and DMF US.

IV.1.3 - Variation of experimental parameters
The redox-induced process using H3PO2 as reducing agent is clearly more efficient than the
spontaneous one for grafting nitrophenyl groups on the substrate; we will now investigate the
influence of experimental conditions on that grafting.
IV.1.3.1 - Substrates
First of all, we focused on the redox-induced grafting on various substrates from metallic
(Au, Pt, Ni) to polymeric ones (polyethylene PE) in comparison with the corresponding
spontaneous grafting. The results summarized in Table 11 show that the H3PO2-induced grafting
of diazonium salts is definitely influenced by the nature of the substrate. Indeed,
(1) no spontaneous grafting was observed on polymeric substrates;
(2) whatever the substrate, more nitrophenyl groups were detected for redox-induced
grafting than for the spontaneous one. The redox/spontaneous ratio was around 3 for gold and
platinum substrates and close to 6 for nickel. In the latter case, the IR intensity of the
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spontaneous grafting is higher than for the other metals; certainly due to the redox properties of
nickel which is able to reduce the diazonium salt itself.
(3) the grafting on polyethylene disks with a PNP film was successfully achieved which
opens a route towards the functionalization of insulators.
To conclude on this study, we have proved that H3PO2 has a real influence on the grafting
and particularly regarding polymeric samples since without reducing agent no grafting at all can
be achieved in this kind of substrate.
Table 11 – Intensity of the νsNO2 absorption band from the IR-ATR analysis of the PNP films obtained
spontaneously or by the reduction, in water, of NBDT (0.046 M) with H3PO2 on gold, platinum, nickel
and polyethylene substrates.
I νsNO2 (%)
Spontaneous

H3PO2-induced

Au

0.25

0.86

Pt

0.32

0.87

Ni

0.4

2.31

PE

-

1.31

IV.1.3.2 - Solvent
Since the solvent was shown to have an influence on the spontaneous grafting on gold, we
studied the influence of the acidity of the reactive solution as well as the nature of the acid on
the redox-induced grafting in comparison to the spontaneous process. The results summarized in
Table 12 are average values of the νsNO2 absorption band intensity between samples performed
at various times in this work (over a year). Once again, these values indicate that the
introduction of H3PO2 in the solution has a significant influence on the grafting since more
nitrophenyl moieties are detected in H3PO2-induced processes than in spontaneously grafted
layers whatever the pH conditions. Table 12 shows that the H3PO2-induced process in H2O DI
or H2SO4 give similar results, while less nitrophenyl groups are detected in the presence of HCl;
this could be explained by the existence of the interfering reaction of the chloro ions with the
diazonium salt (see II.3.1.3). However, in this latter case, the amount of such groups is still
seven times higher than in the corresponding spontaneous grafting. Therefore, it seems that the
redox grafting of diazonium salts induced by H3PO2 gives more nitrophenyl groups grafted than
the spontaneous process and can be indifferently carried out in pure water or acidic solutions.
Table 12 – Intensity of the νsNO2 absorption band from the IR-ATR analysis of the PNP films obtained
spontaneously or by the reduction with H3PO2, in HCl 0.5 M, in H2SO4 0.25 M or in water, of NBDT
(0.046 M) on gold plates.

I νsNO2 (%)
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HCl (0.5 M)

H2SO4 (0.25 M)

H2O DI

Spontaneous

0.07 ± 0.03

0.12 ± 0.03

0.23 ± 0.03

H3PO2-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 graft carbon materials by a H3PO2-induced
process (cf IV.1.1), the relative amounts of the main reactants (NBDT and H3PO2) were
reported to range from stoichiometric5 ratio to extremely large excess of the reducing agent (up
to 9200 equivalents of H3PO2 against NBDT13,

14, 18

). Therefore, it is likely that the

[H3PO2]/[NBDT] ratio is a parameter to adjust in each particular case. We thoroughly studied
this parameter and found an ‘ideal’ ratio giving an optimum grafting, which will be kept for the
rest of that worka.
The redox-induced process is, a priori, based on the reduction of a diazonium salt by a
reducing agent in solution forming aryl radicals able to graft on the surface of the substrate.
However, the grafting mechanism is still unclear. For instance, is the actual reductive compound
H3PO2 or its first base H2PO2-? According to a few teams6-8, 24, the hypophosphite ion H2PO2- is
considered to be able to reduce diazonium salts via a possible mechanism represented in
Scheme 51.
Initiation step:
Chain propagation:

Scheme 51 – Proposed mechanism for the reduction of aryldiazonium salt by hypophosphorous acid
extracted from the review of Galli6.

IV.1.3.4 - Reaction time
Finally, the influence of the reaction time on the H3PO2-induced grafting was investigated by
a solution analysis and surface measurements. In most of the works on the grafting of carbon
materials with this process (cf IV.1.1), a typical reaction time of 30 min was used (except when
stoichiometric amounts of the reactants were employed for which an overnight reaction was
performed5). However, that average reaction time was not optimized in our conditions. Indeed,
according to Table 13, the maximum amount of grafted matter is reached after 15 min.
Therefore, we tried to understand why the grafting of PNP films seems somewhat “selflimited”.
Table 13 – Intensity of the νsNO2 absorption band from the IR-ATR analysis of the PNP films obtained by
the reduction, in HCl 0.5 M, of NBDT (0.046 M) with H3PO2 on gold versus reaction time.
Reaction Time (min)
s

I ν NO2 (%)

5

10

15

20

25

30

45

60

0.15

0.37

0.52

0.56

0.55

0.57

0.55

0.54

a

The details of this study as well as the value of the ‘ideal’ ratio cannot be given here for industrial
property reasons.
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First, this phenomenon could be explained by a complete consumption of the diazonium salt
after 15 min by its reduction or in interfering reactions. In order to use non-diluted reactive
solutions, its concentration was not evaluated directly by following the decrease in absorbance
of the UV absorption peak of the diazonium salt at 260 nm but by an indirect method consisting
in following the absorbance of the colored product formed from the specific diazo coupling
reaction of NBDT with NEDA (appendix 4). Figure 43 shows that the NBDT concentration
decreases similarly during the redox-induced process in H2O DI or HCl solution. However,
respectively 28 % and 40 % of the initial NBDT concentration obviously remains in H2O DI and
HCl solutions after 15 min of reaction thus discarding the complete consumption of diazonium
salts as a reason for the observed limited grafting. Moreover, these values indicate that the
decrease in diazonium salt is faster in the redox-induced reaction than its spontaneous
degradation in water or HCl medium (see II.3.1.3). Therefore, it is likely that the reduction of
the diazonium salt still occurs 15 min after the initiation of the reaction.
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Figure 43 – Evolution of the NBDT concentration in solution during its reduction by H3PO2 in H2O DI or
HCl 0.5 M. The concentrations were determined from UV study of the diazo coupling reaction between
NBDT and NEDA (appendix 4).

In order to estimate the “activity” of the solution during the whole reaction time, gold plates
were introduced at different time of the reaction but only for five minutes. The results of the IR
measurements performed on the so-formed films are presented in Figure 44. In both cases, H2O
DI or HCl solution, the maximum of nitrophenyl groups grafted is obtained for samples
introduced in the solution 10 min after the beginning of the reaction. After that threshold time,
the grafting slightly decreases with the time of introducing the sample in the reacting bath. This
also shows that, even after a reaction time of 60 min, the reduction of the diazonium salt by the
reducing agent still occurs and produces radical species able to initiate the grafting. To
conclude, the limitation of the grafting observed when increasing steadily the reaction time
cannot be explained by the lack of “activity” of the solution after 15 min since the solution can
be used to graft the substrates for at least 60 min.
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Figure 44 – Intensity of the νsNO2 absorption band from the IR-ATR analysis of the PNP films obtained
by the reduction, in HCl 0.5 M as well as in water, of NBDT (0.046 M) with H3PO2 on gold substrate as a
function of the 5 min chosen to graft the sample over the 60 min reaction. The last value on the right of
the graph indicates the intensity obtained in the case of a substrate immersed in the same solution for the
whole 60 min.

A first part of explanation of that “self-limitation” in the grafting was found by looking at
changes occurring in the reactive solution. Indeed, we noticed that after ca. 30 min of reaction,
the samples were slightly covered with brown compounds before rinsing, probably arising from
non-soluble products formed during the reaction, which precipitated on the surface. Such
precipitation on the substrate is likely to block its access for reactive species thus limiting the
grafting. However, the threshold times do not match, since Table 13 gives 15 min as critical
reaction time for the self-limited grafting. Therefore, the precipitation spotted on the surface
cannot be the only reason for the limitation of the PNP films. Moreover, such result would mean
that if the substrate was free of precipitated matter, the film could linearly grow with reaction
time.
To test this hypothesis, an experiment consisting in immersing the substrates in a freshly
initiated redox-induced reaction for 15 min and this, four times in a row (in order to reach a total
reaction time of 60 min), with water, ethanol and acetone rinsings in between each reaction, was
performed. After the four successive reactions, the intensity of the νsNO2 absorption band is very
similar (0.43 ± 0.04 %) to the average value of 0.49 ± 0.06 % measured for films grafted in HCl
solution for 60 min (Table 12). Therefore, the limitation on the grafting of nitrophenyl groups
cannot really be explained, in this case, by the precipitation of non-soluble compounds on the
surface. It is likely that this behaviour can be explained by the properties of the film itself.
Indeed, the wettability of the layer influencing the penetration of the solvent in the film is a key
parameter in film growth. As previously determined, a maximum polynitrophenylene film is
formed after around a 15 min. However, no adequate rinsing solvent of this film is known and
the wettability of this layer by water is certainly quite low. Thus this might prevent most of the
reactive species to attach on it during the rest of the reaction 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 the substrates, the H3PO2-induced graftings
were similar in terms of chemical composition to those obtained with the spontaneous method
but they were clearly more abundant. In order to obtain as much nitrophenyl groups grafted on
gold substrates as possible, it seems that:
- the reaction can be indifferently performed in H2O DI or in H2SO4,
- An ‘ideal’ ratio of [H3PO2]/[NBDT] exists,
- a reaction time of 15 min is enough.
Depending on the applications, various other conditions such as, for instance, working in HCl
solutions or with reaction times of a few minutes (any time during at least the first 60 min after
the initiation of the reaction) can still remain efficient enough to obtain a grafted PNP layer.
IV.1.4 - Mechanistic view
Even if adequate experimental grafting conditions can be found, the mechanism involved in
this grafting process is still unclear but is assumed to involve an electron transfer from the
reducing agent to the diazonium salt14, 17. According to the discussion in IV.1.3.3, it has been
suggested that H2PO2- is responsible for this redox reaction leading to the formation of aryl
radicals. As a parallel with the electrochemical reduction of diazonium salts, aryl radicals are
potentially able to graft on substrates but also on already grafted aromatic rings to form a
polyphenylene film. Nevertheless, no real evidence of such a radical mechanism has ever been
produced. EPR is the best characterization tool to get a confirmation of the presence of radicals
in solution particularly using the spin-trapping technique, well adapted method in the case of
short lifetime radicals. The spin-trapping investigation of free aryl radicals from aryldiazonium
salts has already been carried out using nitroso compounds25. However, this particular spin-trap
is only stable in non-acidic media. Therefore, in order to prove the involvement of aryl radicals
and so to understand the mechanism of the redox-induced grafting process, another reducing
agent (ascorbic acid) was chosen, allowing the reaction to be performed at a pH suitable for the
spin-trapping agent.

IV.2 - Ascorbic acid (VC)
Already employed for its redox properties in Sandmeyer reaction26, ascorbic acid allowed us
to explore broader experimental conditions than hyphosphorous acid as its pH-range of use is
larger. Consequently, it is suitable for EPR measurements with our chosen spin-trap. Prior to
investigate the composition of the reactive solutions which will lead to a better understanding of
the grafting mechanism, the VC-induced grafting of polyphenylene films will be characterized
thanks to surface analyses and the influence of experimental parameters on the grafting will be
studied.
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IV.2.1 - Variation of experimental parameters followed by surface analyses
Since in the case of the H3PO2-induced reaction it was established that the value of the
[H3PO2]/[NBDT] ratio has a substantial effect on the grafting, variations of the [VC]/[NBDT]
ratio will be operated. Then, the influence of two main diazonium salts and then of various
metallic substrates on the synthesis will be investigated.
IV.2.1.1 - [VC]/[NBDT] ratio
As for H3PO2-induced grafting, the [VC]/[NBDT] ratio was varied while keeping [NBDT]
constant. First, regarding the pH, whatever the ratio, the addition of VC induces a drop of the
pH down to 4.1. This value corresponds to the pKa of the first acid-base couple of VC
(H2A/HA-). Therefore, there is an equilibrium between those two species in solution. Second,
for all the ratios tested, the pale yellow solution of NBDT diazonium salt turned instantaneously
into a lemon yellow mixture when VC was added. The higher [VC], the more intense the yellow
color of the solution. In the same time, less bubbles (which arise from dinitrogen evolution from
the reduction of the diazonium salt by the reducing agent) were observed when increasing [VC].
Therefore, it is likely that, for some ratios, VC reacts in a non-redox way. This observation is
important and will orientate our further analysis of the grafting mechanism. By varying the
[VC]/[NBDT] ratio, a tendency seems to come out of the IR-ATR spectra (Figure 45). Indeed, it
appears that a slightly higher absorbance value is observed at 1525 and 1350 cm-1 for the 1/10
ratio (i.e. ten times less ascorbic acid than NBDT). Nevertheless, it is difficult to conclude on
any “best” PNP grafting conditions from those experiments, for two main reasons. First, the
observed differences in IR absorption intensity are similar to the sensitivity threshold of the IRATR equipment and to the variability of the measurements (cf III.3.1). Second, those absorption
values are also close to those observed for a spontaneous grafting of NBDT (0.23 ± 0.08 % as
previously described in III.3.3.1). This is confirmed by Figure 46 showing comparable grafting
of nitrophenyl (NO2 + NH2) groups in the case of the spontaneous and induced process using a
ratio 1/10. However, it is possible that, using other experimental conditions i.e. by changing the
substrate or the diazonium salt, we will attest a real influence of ascorbic acid on the grafting.
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Figure 45 – IR-ATR spectra of PNP layers grafted on gold plates by VC-induced process (H2O DI,
NBDT 0.046 M and different ratio [VC]/ [NBDT] = 1, 1/5, 1/10).
16400
16200

N1s

Grafting of NO2-Φ -N2+
NO2
N=N NH2 Au-N

16000

CPS

15800
15600
15400 VC-assisted
15200
15000
Spontaneous
14800
410 408 406 404 402 400 398 396 394

Binding Energy (eV)
Figure 46 – N 1s core level spectra of layers grafted by VC redox activation of NBDT (H2O DI, NBDT
0.046 M, VC 0.1 eq, 60 min) compared to the corresponding spontaneously grafted films.

IV.2.1.2 - Modifications according to the substrate or the diazonium salt
To carry on with the study of the effect of the diazonium salts reduction by ascorbic acid on
the grafting, the reaction was performed on platinum and nickel plates. A slightly higher
intensity of the main IR characteristic absorption band of nitro groups was measured in the case
of the redox-induced grafting than for the spontaneous reaction on platinum (Table 14).
However, surprisingly, the same comparison on nickel shows less nitrophenyl groups in the
films synthesized in presence of VC than without. It is likely that reactions interfered strongly in
this case preventing any type of grafting of the nickel surface. Therefore, it is obvious that the
VC-induced grafting is widely dependent of the substrate. Is it also influenced by the nature of
the diazonium salt?
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Table 14 – Intensity of the νsNO2 absorption band from the IR-ATR analysis of the PNP films obtained by
the reduction, in H2O DI, of NBDT (0.046 M) with VC (0.1 eq) on platinum and nickel in comparison
with the corresponding spontaneous grafting.
I νsNO2 (%)
Spontaneous

VC-induced

Pt

0.32

0.39

Ni

0.40

0.05

To answer this question, we tested the behaviour of carboxybenzene diazonium salts and
compared it with the corresponding spontaneous grafting. As illustrated by Figure 47, it is
evident that a grafting of polyphenylene films was achieved with both processes. However, we
observed more carboxyl (COO) groups grafted on the gold substrate when the reaction is
induced with VC. Therefore, in this case, there is no 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 spectra of layers grafted by VC redox activation of
respectively carboxybenzene and nitrobenzene diazonium salts (H2O DI, diazonium salt 0.046 M, VC
0.1 eq, 60 min) compared to the corresponding spontaneously grafted films.

To conclude on this study, it seems that in particular conditions (with COOH-Φ-N2+),
ascorbic acid has a real influence on the grafting whereas with other parameters, results are not
so clear (NBDT on gold and platinum) or even very unexpected (NBDT on nickel). If in the
first case, it is likely that the grafting of polyphenylene-like layers in presence of VC is actually
due to a combination of the spontaneous and the redox-activated process, in the others, it is
possible that the redox reaction interferes somehow with the spontaneous process which inhibits
the grafting. Consequently, in terms of grafting on the surface, ascorbic acid might not be the
best reducing agent to use upon these non-optimized experimental conditions. However,
considering the results obtained in presence of vinylic monomer (detailed in the next chapter)
and the fact that it is a perfectly suitable compound for a solution study, particularly by EPR, we
will still work in the rest of this chapter with ascorbic acid as a reducing agent.

145

Chapter IV – Redox-induced grafting of diazonium salts

IV.2.2 - Study of the reaction by solution analyses
With a view to get key information for the understanding of the redox-induced grafting
mechanism, it is likely that the study of the reactive solution will be helpful. Since, according to
the surface analysis of the grafting, the [VC]/[NBDT] ([NBDT] constant) value plays an
important role in the grafting, most of the analyses will be performed by varying this ratio. First,
in order to determine the compounds formed in solution, a gas chromatography - mass
spectroscopy (GC-MS) study of the reactive solution with time was undertaken. Then, we
focused on the demonstration of the presence of aryl radicals in solution using EPR. To finish,
as results suggest the formation of an intermediate compound coming from the direct reaction of
ascorbic acid with the diazonium salt, we characterized it and showed to what extent its
presence fits our observations.
IV.2.2.1 - GC-MS
By studying the reactive solution with a technique combining the features of gas-liquid
chromatography and mass spectrometry (appendix 1), we are able to detect some of the products
present in solution and follow their evolution as a function of the reaction time. A typical
GC-MS spectrum of a NBDT solution activated by VC is given in Figure 48. We can clearly
identify the main products of decomposition of the diazonium salt in solution i.e.
4-fluoro,2-nitrobenzene, 4-nitrobenzene and 4-nitrophenol (cf II.3.1.3).
The three compounds with the longest retention times, i.e., in decreasing order of retention
time, 4,4’-dinitroazobenzene, 4,4’-dinitrobiphenyl and one of its structural isomer, are also
definitely coming from reactions involving NBDT. However, if there is no doubt concerning the
assignment of the 4,4’-dinitroazobenzene, it is difficult to determine which structural isomer is
in solution. Indeed, in order to assign compounds to mass spectra, a data base was used. It
shows the more likely products susceptible to give the obtained mass spectrum. Nevertheless, in
this case, only the isomer represented on Figure 48 is known from the data base and its
corresponding probability of fitting is only of 45 %. The mass peaks observed do indicate that a
structural isomer of the 4,4’-dinitrobiphenyl is present but we did not manage to determine
precisely which one. Whatever the actual attribution of that derivative, both products clearly
result from the dimerization of aryl radicals, which gives a first proof of a potential reduction of
the diazonium salt into radicals. In the case of the formation of the azo compound, a diazo
coupling reaction between nitrobenzene and the diazonium salt is probable. More surprisingly,
according to the mass analysis, it is likely that the two non-attributed peaks correspond to
benzoic acid and nitroaniline. It is assumed that benzoic acid is formed in the column by
quenching of nitrobenzene with CO2. As for nitroaniline, it could either be due to remaining
traces from the synthesis of the diazonium salt or the degradation of azobenzene. The latter
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explanation is certainly more probable since important variations in the intensity of the
nitroaniline peak were observed according to experimental conditions.

Figure 48 – Typical GC-MS spectrum obtained from a H2O DI solution of NBDT (0.046 M) and VC
(0.1 eq).

To go further, the reaction of NBDT in presence of ascorbic acid was followed by GC-MS
with time and for three different [VC]/[NBDT] ratios. In order to compare the results, we
normalized the intensity values according to all the identified compounds mentioned above
containing nitrobenzene moieties (Figure 49). First of all, no nitrobenzene dimer was detected
when a stoichiometric ratio was used meaning that, in these conditions, the presence of aryl
radicals is very unlikely. This is in good agreement with the IR results showing, for
stoichiometric amounts of reactants, a very weak signal characteristic of a polynitrophenylene
layer which may therefore only be attributed to the spontaneous grafting of diazonium salts on
gold. In view of the two other cases, it seems that the more ascorbic acid is added, the more
dimers are formed. However, this behaviour remains to be explained since these results do not
fit with the surface analyses showing that more nitrophenyl groups are grafted with the lower
ratios.
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Figure 49 – Evolution with time of the GC-MS intensity (normalized according to all the identified
compounds containing nitrobenzene moieties) of the main two molecules of interest
a) 4,4’-dinitrobiphenyl and b) one of its structural isomer.

To conclude, from the nature of the compounds detected, we have demonstrated the very
likely involvement of aryl radicals in the grafting for some experimental conditions as well as
an obvious dependence of the reaction on the [VC]/[NBDT] 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 photochemistry27, 28, polymer chemistry29,
biology and medicine30,

31

, is used for the detection and identification of short-lived free

radicals. It is based on the addition of, commonly, nitroso or nitrone compounds, which gives
rise to stable nitroxide radicals as a result of spin-trapping. This technique can also be applied in
polymer research to study living anionic polymerization, alternating copolymerization or radical
polymerization (herein ref32). Kunitake et al.33 examined the radical polymerization of several
monomers including methyl methacrylate initiated by the thermal decomposition of, in
particular, azobis-isobutyronitrile (AIBN) with 2-methyl-2-nitrosopropane (MNP) as spin-trap.
Moreover, a few teams investigated the spin-trapping of hydroxyl radicals34 or aryl radicals35, 36
aiming at defining the role of such species in genetic damaging such as in DNA, ribonucleic
acid (RNA) and their components.
2-methyl-2-nitrosopropane (MNP) is a spin-trap of interest in this study because, as other
nitroso traps, the EPR spectrum hyperfine splitting of the formed spin-adducts allows to
determine unambiguously the structure of the trapped radical25,

32, 36

. As many nitroso

compounds, MNP is a dimer in the solid state. In order to act as spin-trap, its dissociation into
monomer is required. That step may lead to some experimental difficulties detailed in appendix
337.
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EPR spectra of solutions of NBDT, ascorbic acid and MNP as spin-trap (cf III.3.4.3) with
various [VC]/[NBDT] ratios were recorded every 10 min for 60 min. A typical EPR spectrum of
the MNP adduct (formed by the reaction of the spin-trap with a radical in solution) is shown in
Figure 50. The simulation reveals that the spin-adduct is coupled to a nitrogen atom and two
pairs of equivalent hydrogen atoms (identified as the ortho- and meta-protons in the aromatic
ring). It is also possible to resolve an additional splitting due to paramagnetic nuclei in the paraposition in the aromatic ring. Nitrogen and proton hyperfine splittings of the spin adducts are
diagnostic parameters for the identification of the trapped-radicals. The hyperfine splitting
constants (HFSCs) of these spin-adducts are given in Table 15. They are in accordance with
MNP adducts of nitrophenyl radicals reported in the literature36. Thus, for the first time, the
presence of aryl radicals in the redox-induced process is demonstrated. Moreover, those results
also confirm that the oxidation of VC does not lead to the formation of HA● (no corresponding
spin-adduct detected) which excludes a diazonium salt reduction by a single electron pathway.
Therefore, at this stage, it seems that the only possible reactions are the reduction of diazonium
salts by ascorbic acid and/or ascorbate ion (first base) which in both cases involves a
two-electron pathway (see II.3.2.2).

.O
O 2N

N

1 mT

Figure 50 – Typical EPR spectrum of MNP adducts of nitro aryl radicals obtained in the case of NBDT
(1 mM) reduction by VC (0.1 mM) in the presence of MNP (excess) and recorded 2 minutes after the
addition of VC.
Table 15 – Hyperfine coupling constants of nitro aryl radicals MNP adducts.
Hyperfine Splitting Constants (mT)

.O
O2 N

N

aN

a(others)

1.284

0.21 (2H); 0.097 (2H); 0.050 (aNNO2)

In order to establish a connection between the grafting of PNP layers on surfaces and the
quantity of radicals formed with time, various ratios of [VC]/[NBDT] were tested and the
reactions followed by EPR (Figure 51). It is important to point out that the concentration
reported on Figure 51 is the concentration of the spin-adduct, a time-stable compound in the
149

Chapter IV – Redox-induced grafting of diazonium salts

timescale of our experiments. Thus, each measurement corresponds to the sum of all the radicals
spin-trapped from the beginning of the experiment. All the kinetic curves in this figure can be
decomposed in three steps: an initial rapid increase (the extrapolated curve at t=0 is clearly not
null), after 2 minutes the reaction proceeds at a slower rate and finally, as it is obvious in the
case of the ratio of 1/10, a saturation of the amplitude of the EPR signal is observed. We assume
that the nitrophenyl radical creation as the reaction goes 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 concentration with time during the reaction of
MNP (excess), NBDT (1 mM) and VC in the following ratios [VC]/[NBDT] 1/10 (■), 1/5 (●), 1/2 (▲),
3/4 (♦) and 1 (▼).

Another striking result from Figure 51 is that no MNP adducts is detected with
[VC]/[NBDT]=1, which confirms the GC-MS results. Moreover, for a ratio 3/4, unexpectedly
low amounts of trapped radicals are observed. A competition between the spin-trapping reaction
and at least another reaction seems to occur. Several hypotheses can be proposed to explain the
low amounts of MNP-adducts at the highest [VC]/[NBDT] ratios tested:
-

First, the spin-adducts may be reduced directly by excess VC into the corresponding
EPR-silent hydroxylamines, as already observed by Reszka et al36.

-

Second, dimerization of the aryl radicals may occur. Indeed, with the highest
[VC]/[NBDT] ratios, excess aryl radicals are formed in solution and the dimerization
(an order 2 reaction with respect to NBDT) may become predominant compared to the
spin-trapping reaction (order 1). However, according to the GC-MS experiments
previously described, this hypothesis is to be discarded. Indeed, no dimers from the
reaction between two nitrophenyl radicals were identified for a [VC]/[NBDT] ratio of 1
whereas, after identical reaction time they were detected for lower ratios.

-

Third, ascorbic acid may react with the diazonium salt in a non-redox way and form an
adduct1, 38, 39 by an inner-sphere electron transfer mechanism (see II.3.1.2). According to
the literature, this leads to the 3-O-arenediazoascorbic acid formation (represented in
Scheme 52). This compound belongs to the family of diazoether and displays an
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absorbance maximum at λmax=358 nm (yellow color). As mentioned in IV.2.1.1,
whatever the [VC]/[NBDT] ratio, a drastic change in the color of the reactive solution is
observed when adding ascorbic acid. The UV-visible spectrum of such a mixture
[VC]/[NBDT] = 1 exhibits a maximum of absorbance at 354 nm which might speak for
the diazoether formation (further experiments detailed in the next paragraph). Thus, it
seems likely that the reaction which competes with the “direct” reduction of the
diazonium salt by ascorbic acid is the formation of a diazoether adduct.
HO

O

O

HO

N
O2N

N

O

OH

(E)

Scheme 52 – Chemical structure of the (E)-diazoether from the reaction between NBDT and VC. The
(Z)-diazoether also exists but is not represented here.

By a rapid surface-solution comparison, we found that, in all cases, IR-ATR measurements
seem in accordance with those EPR results. Indeed, aryl radicals were formed (since they were
observed after spin-trapping) and a PNP layer was observed on gold surfaces. However, we
could not find a monotonous relationship between the observed radical concentration (as
estimated from the spin-trapping experiment) and the amount of nitrophenyl group of the final
PNP film. Indeed, the aryl radicals actually experienced many termination chemical routes,
including dimerization, in addition to their grafting on the gold surface. It is thus quite difficult
to conclude on any ”best” conditions leading to PNP film with the most nitrophenyl groups,
although we observed PNP grafted films with higher amount of those groups for
[VC]/[NBDT]=1/10 than for higher ratios. When stoichiometric amounts of NBDT and VC
were used, no aryl radicals were detected by EPR whereas gold surfaces showed a very weak
IR-ATR absorption at 1600, 1525 and 1350 cm-1, characteristic of a PNP layer. Those signals
may be attributed to the spontaneous grafting of diazonium salts on gold, as already described in
chapter III.
IV.2.2.3 - UV-visible
In order to demonstrate the formation of a diazoether adduct in reactive solutions,
UV-visible experiments were performed. Indeed, as mentioned above, such species have a
characteristic absorption at 358 nm. From the EPR results, it seems that the ratio [VC]/[NBDT]
has a strong influence on the presence of aryl radicals. Therefore, the absorption of the reactive
solution was followed with time for various ratios (Figure 52). In the case of stoichiometric
amounts of NBDT and VC, it is obvious that the diazonium salt (λmax=258 nm) is “immediately”
converted into another compound absorbing at 354 nm which is likely to correspond to the
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(E)-diazoether (as it will be detailed below). Moreover, it is important to point out that the
intensity of this absorption band is stable over 60 min. For the 1/5 and 1/10 ratios, it is more
difficult to conclude since a large absorption band, increasing with reaction time, is observed in
the 270 - 470 nm range. 4-nitrophenol certainly contributes to the signal since its main
absorption peak is found at 318 nm. In addition, the diazoether probably takes part in the signal
but its contribution does not give a peak as intense as in the case of ratio 1. Therefore, at
maximum, the proportion of the diazoether compound is equal to the quantity of VC in solution
which decreases for lower [VC]/[NBDT] ratios ([NBDT] constant). Indeed, the formation of the
diazoether is based on an order 1 reaction regarding VC as well as NBDT and VC is the limiting
reactant. The absorption below 500 nm could be explained by the presence of
4,4’-dinitroazobenzene and/or 4,4’-dinitrobiphenyl products in solution as observed in GC-MS
measurements.
To summarize, the presence of the diazoether formation has definitely been demonstrated in
the case of a [VC]/[NBDT] ratio of 1 whereas for the other ratios, these UV-visible experiments
did not permit to clearly conclude. Therefore, the solutions have been characterized using
electrospray ionization mass spectrometry (ESI-MS) which is a precise tool in the mass
determination of compounds (although it only allows qualitative studies).
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Figure 52 – Evolution of the UV-visible absorption of NBDT (50 µM) and VC ([VC]/[NBDT] ratios of
a) 1, b) 1/2, c) 1/5 and d) 1/10) H2O DI solutions with reaction time.
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IV.2.2.4 - Electrospray ionization mass spectroscopy
As experiments were performed in a negative ionization mode (cf appendix 1), the main
characteristic mass peak of the diazoether is expected to be found at 324 g/mol on the
electrospray ionization mass spectrum. This was confirmed by injecting a diazoether (Figure
53a) synthesized in our laboratory from VC and NBDT following the procedure proposed by
Doyle et al.39 (cf appendix 2). The shape of this signal fits with the theoretical features predicted
for a C12H10N3O8 organic compound (Figure 53b). Therefore, in order to monitor the diazoether
formation, we will first follow the 324 g/mol mass peak for [VC]/[NBDT] = 1 and 1/10.
However, the mass spectrum of NBDT alone gives a peak at a mass (324 g/mol) identical to the
main one of the diazoether (Figure 53c) attributed to the presence of 4-nitrobenzene diazonium
with two tetrafluoroborate counter-ions. Indeed the shape of signal fits with the predicted
spectrum of a C6H4N3O2B2F8 compound (Figure 53d). Thus, if some NBDT remains in the
solution (which will certainly be the case when working with the 1/10 ratio), it will be
impossible to distinguish precisely the contribution of NBDT from the one of the diazoether.
Therefore, experiments to test the presence of diazoether in the solution were carried out using
4-nitrobenzene diazonium perchlorate NBDP (see appendix 2 for its synthesis). In this case, the
mass of the 4-nitrobenzene diazonium with two counter-ions 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, zoomed in the 320 - 329 g/mol range, of a) reference
diazoether, c) nitrobenzene diazonium ditetrafluoroborate and their corresponding predicted features
respectively in b) and d).
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The mass spectrum obtained after adding VC in stoichiometric amount to a NBDP solution
is shown in Figure 54. The structure of the identified compounds is listed in Table 16. The
presence of the diazoether and corresponding agglomerates as well as hydrogenated species
demonstrates clearly the formation of a diazoether adduct from the reaction between the
diazonium salt and ascorbic acid, which confirms the UV-visible results.

Figure 54 – Electrospray ionization mass spectrum of a NBDP H2O solution after addition of VC in
stoichiometric amount.
Table 16 – Main compounds identified in the electrospray ionization mass spectra of NBDP and VC
solutions.
Compound

Mass

Structure

99 g/mol

ClO4-

138 g/mol

O2N

O

HO

O

O

HO
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The [VC]/[NBDP] ratio of 1/10 was also tested (Figure 55). 4-nitrophenol is definitely
present in the solution (compound 2 in Table 16). However, it cannot be determined whether it
comes from the reaction of NBDP with VC, since it is already present in pure NBDP solutions.
As in the previously studied case, diazoether and its derivative agglomerates were identified in
the mass spectrum. Therefore, this result provides the first proof of the formation of the
diazoether adduct even at low concentrations of VC. However, contrarily to those previous
results, evidences of the existence of remaining diazonium salt, not linked to ascorbic acid, were
found (compounds 4 in Table 16). This is not surprising since VC is the limiting reactant in this
case.

Figure 55 – Electrospray ionization mass spectrum of a NBDP H2O solution after addition of VC
([VC]/[NBDP] = 1/10).

We have demonstrated the presence of the diazoether adduct in reactive solutions (whatever
the [VC]/[NBDT] ratio). Let us now focus on its formation pathway and investigate if it can
play a role in the grafting mechanism of diazonium salts on the surface of materials.
IV.2.2.5 - Formation of the diazoether and possible dediazoniation
pathway
The β-nitrogen of aryldiazonium salts forms the centre of its electrophilic character1.
Therefore, nucleophilic additions can occur. According to the nature of the atom of the
nucleophile that provides the lone pair of electrons, O-, S-, Se-, N-, P- or C-coupling are
reported1. The reaction of alkoxide or phenoxide ions (RO-) on diazonium salts leads to the
formation of diazoethers. The kinetic and mechanistic aspects of this O-coupling have been
widely studied particularly in the case of reactions with alcoholic solvents (methanol40,
ethanol40-42, butanol43). As represented in Scheme 53, this reaction can form the (Z)- and/or the
(E)-diazoether. In the case of diazohydride1 (R-ϕ-N2-OH), it was found that the direct
rearrangement of the (Z)- to the (E)-isomer is more consistent with the experimental data than a
recombination after a primary dissociation of the (Z)-isomer into a diazonium ion. For other

155

Chapter IV – Redox-induced grafting of diazonium salts

diazoethers such as diazomethylether, no direct conversion of the (Z)- to the (E)-isomer has
been found. The transformation occurs by an ionization-recombination mechanism. A
three-phase mechanism was proposed to explain the whole reaction between the diazonium salt
and the solvent. First, the (Z)-diazoether is formed extremely rapidly. Then, some of the
(Z)-isomer decomposes to form dediazoniation products. Finally, the rest is converted into the
(E)-diazoether40. The (Z)-diazoether was therefore considered as the kinetically determining
product while the (E)-isomer was the thermodynamic product. This mechanism is very
interesting since it shows that, in some cases, this O-coupling reaction can be an intermediate
step in dediazoniation by an inner-sphere pathway which leads to the formation of aryl radicals.
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Scheme 53 – O-coupling of alkoxide or phenoxide ions (RO-) on diazonium salts.

According to the literature of O-coupling reactions with alcoholic solvents1, 6, 40, it seems that
the diazoether is almost completely “protected” against dediazoniation if present as (E)-isomer.
Therefore, only the (Z)-diazoether can undergo dediazoniation. Nevertheless, this behaviour is
strongly depending on the solvent. The stability of the (Z)-adduct is critically dependent on the
leaving group ability of RO- and on the stability of the radical RO●, which is likely to be formed
by dissociation of the diazoether. A few mechanisms based on the decomposition of
(Z)-diazoether were proposed to explain the formation of dediazoniation products such as
benzene. The dediazoniation by a homolytic pathway (Scheme 54) was found more probable
than an anionic mechanism1.

R

N

(Z)

R

.

+

.

N2 + OR

N
RO

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

The formation of diazoether by reaction of NBDT with ascorbic acid38, 44, 45 was also reported
(for the first time by Doyle et al.39). In contrast to diazoalkylether and in spite of the reducing
properties of VC, it seems that this (E)-diazoether is stable and can be synthesized. Kinetics and
mechanistic investigations38 corroborated the dediazoniation pathway described above in the
case of O-coupling reactions of diazonium salts with alcoholic solvent. Therefore, it is likely
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that the ascorbic acid can carry out an inner-sphere electron transfer with diazonium salts,
forming aryl radicals, through the decomposition of the (Z)-diazoether.
The UV-visible spectrum of the reference (E)-diazoether displays an intense absorption band
around 354 nm corresponding to the π → π* transition which is in accordance with the value
found in the literature39. Therefore, since in the UV-visible experiments in water (Figure 52) we
only observed one absorption band around this value, it is likely that we only formed the (E)-diazoether. No sign for the (Z)-diazoether was found. Indeed, if both diazoethers were present,
two different absorption bands should be found. Similarly to what is observed for azobenzene, it
is likely that the (Z)-isomer exhibits an absorption band at lower wavelength than the (E)-isomer since, due to steric effects, the π-system of this compound is less conjugated, which
induces a higher gap value. Our lack of evidence for the transformation of the (Z)-diazoether
into the (E)-isomer might be explained by a rapid conversion rate as well as the pH of the
solution. Therefore, reactions with [VC]/[NBDT] ratio of 1 and 1/10 were followed for 10 min
with a fast UV-visible spectrometer (one acquisition every 30 s) in H2O and H2SO4 (pH = 2).
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Figure 56 – Evolution over 10 min of the UV-visible absorption of NBDT (50 µM) and VC a) and b) in
water and c) and d) in H2SO4 (pH = 2) for [VC]/[NBDT] ratios of respectively 1 and 1/10. A spectrum
has been acquired every 30 s.

It is obvious that, for the ratio 1 (Figure 56a and Figure 56c), the pH has a great influence on
the reaction. Indeed, only one absorption band at around 346 nm is observed in water during the
whole 10 min of the study. In H2SO4 the starting solution mainly absorbs around 291 nm and
157

Chapter IV – Redox-induced grafting of diazonium salts

then its absorption shifts progressively towards 350 nm. The presence of an isosbestic point at
318 nm indicates a slow but entire conversion between the two colored compounds through an
equilibrium. This behaviour could correspond to the fast formation of the (Z)-diazoether
followed by its slow conversion into the (E)-isomer. Further experiments (not presented here)
showed that this transformation lasts for 15 min. After the critical time, most of the first
compound is converted into the second one. In the case of the ratio 1/10, this phenomenon is
much more difficult to observe since only a small part of the diazonium salt is converted into
the diazoether. However, by comparing the evolution of the absorption of the reactive solution
in water and H2SO4 (Figure 56b and Figure 56d), it seems that in the latter case the signal is
flattened in the 290 nm region which could correspond to the presence of the small amount of
absorbing (Z)-diazoether. Hence, from these results, it seems that decreasing the pH of the
solution slows down the conversion of the (Z)-diazoether into the (E)-isomer allowing us to
observe the phenomenon with classical absorption spectroscopy. Even if it cannot be observed
by this technique, the (Z) → (E) transformation certainly still occurs in H2O DI but at a very
high speed (almost instantaneously). Indeed, in H2O, VC is mainly present as HA- which is the
compound needed for the O-coupling whereas, in acidic medium, it is in H2A form. Therefore,
the slow formation of the diazoether in H2SO4 could be due to the persistence of an equilibrium
between H2A and HA-.
To conclude, it could be considered that aryl radicals detected by EPR measurements come
from an intramolecular reaction between VC and NBDT followed by the dediazoniation of the
(Z)-diazoether. Therefore, with view of the complexity of the reaction, several hypotheses
concerning the mechanism of the VC-induced process can be made.
IV.2.3 - Proposed mechanisms for the VC-induced grafting
As previously discussed, we are aware that the results in terms of grafting obtained by
surface analyses for the VC-induced process has to be considered carefully. First, it is likely that
the phenomena occurring in solution do not directly reveal the grafting on surface. Only what
happens near the surface of the substrate is relevant to explain the differences in terms of
grafting. Second, only tendencies were determined. The spontaneous grafting of diazonium is
probably still an important part of the observed grafting on surface even in presence of VC.
However, as it will be seen in the next chapter concerning the grafting in presence of a vinylic
monomer, VC plays a major role in the process. Therefore, proposing a possible mechanism in
the “simple” case of the grafting of diazonium salts with VC is essential. According to EPR
results and as expected, it is likely that the grafting process is based on the formation of aryl
radicals that are able to graft on the surface of substrates. Prior to focus on how aryl radicals
graft on materials, we will see how they can possibly be formed during this process.
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IV.2.3.1 - Formation of aryl radicals
Relying on the literature, the several mechanisms discussed below were proposed in order to
fit with the maximum of our experimental results. Indeed, it seems that aryl radicals can either
be obtained by an outer- or an inner-sphere electron transfer mechanism.
An inner-sphere mechanism from the decomposition of (E)-diazoether
The simplest mechanism is to consider that there is no outer-sphere electron transfer
mechanism but only the formation of the (E)-diazoether adduct between the ascorbate ion and
the diazonium salt (inner-sphere)46. The mechanism is summarized in Scheme 55.
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Scheme 55 – Inner-sphere mechanism from the decomposition of (E)-diazoether.

In this case, as in H2O we could not observe the presence of the (Z)-diazoether, we assume
that the (E)-diazoether is directly formed by adding VC in the diazonium salt solution. This is in
good agreement with the change in color of the solution into a yellow mixture when adding VC
(absorption band around 350 nm observed in UV-visible spectra). The formation of aryl radicals
for [VC]/[NBDT] ratios of 1/10, 1/5, 1/2 and 3/4 will therefore be due to the decomposition of
the (E)-diazoether. However, according to the literature, this reaction is not very likely.
Moreover, the consumption of the (E)-diazoether in a reaction would involve a decrease in the
absorption intensity of the UV-visible main peak of this compound with time. However, over
60 min, the absorption intensity around 354 nm seems either stable or to increase according to
the ratio employed. To finish, it would not explain the fact that, for a ratio 1, no aryl radicals
were observed since in this particular case it would mean that the decomposition of the
(E)-diazoether cannot occur. In order to keep close to data given by the literature, we have
proposed another mechanism considering that the decomposition into aryl radicals is undergone
by the (Z)-diazoether.
A inner-sphere mechanism from the decomposition of (Z)-diazoether
In this mechanism, we assume that the (Z)-diazoether is formed (inner-sphere) from the
reaction of ascorbate ion and diazonium salt. Rapidly, this compound decomposes to give aryl
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radicals and transforms in the (E)-diazoether, as represented on Scheme 56. However, to fit with
what was described in the literature, no decomposition of the (E)-diazoether is considered.
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Scheme 56 – Inner-sphere mechanism from the decomposition of (Z)-diazoether.

In this case, by extrapolating what was observed in IV.2.2.5 in acidic media, we consider
that the formation of the (Z)-diazoether is possible in H2O although no direct evidence has been
found. The (Z)-diazoether would be instantaneously formed and transformed in aryl radicals as
well as the (E)-diazoether. This phenomenon could be in agreement with first, the rapid increase
in the radical concentration observed by EPR in the first two minutes of the reaction for most of
the ratios [VC]/[NBDT] tested and second, with the presence in UV-visible spectra of a
component absorbing in the 300 - 400 nm region corresponding to the (E)-isomer. The slow but
continuous formation of aryl radicals could be then attributed to the fact that the (Z)-diazoether
formation is initially rapid but afterwards becomes slower and slower with the diminution in
concentration of ascorbate ions. The transformation of this compound into radicals as well as
into its isomer proceeds therefore during the whole reaction time. This slow formation of the
(E)-diazoether can also partially explain the slight increase in absorption intensity in the
300 - 400 nm range with time. However, this would require that some ascorbate ions remain in
solution for more than 60 min in order to form, by reaction with the diazonium salt, more
(Z)-adduct during this period. This possibility was confirmed by ESI-MS measurements
showing that ascorbic acid is still present even after a reaction time of 40 min for a
[VC]/[NBDT] ratio of 1/2 (results not presented). Nevertheless, when using a ratio of 1/10,
ESI-MS measurements did not allow detecting remaining ascorbate ions. The absence of
radicals in the case of stoechiometric amounts of reactants could be attributed to very high
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transformation rate of the (Z) into the (E)-diazoether, compound that cannot decompose into
aryl radicals, due to the use of high concentration of ascorbate ions. However, our experiments
do not permit to distinguish this mechanism from the one presented below.
A competition between an outer- and an inner-sphere mechanism
Similarly to the previously proposed mechanism (Scheme 56), we assumed that the reaction
of VC on diazonium salt first forms the (Z)-diazoether adduct which can transform either into
aryl radicals or into the (E)-diazoether (unable to decompose). On top of this reaction, we
believe that the direct reduction of the diazonium salt by VC can still occur also leading to the
formation of aryl radicals. This additional reaction is detailed in Scheme 57.
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Scheme 57 – Outer-sphere electron transfer reaction entering in the mechanism based on competitive
reactions between an outer- and an inner-sphere pathway.

This mechanism would therefore fit with experimental data the same way as for the
mechanism described above. The only difference lies in the interpretation of the presence of
radicals with time. In this case, we believe that the initial jump in concentration of aryl radicals
and their slow formation with time is due to competitive reactions. The first reaction would still
be the formation of the (Z)-diazoether from remaining ascorbate ions and its decomposition.
The second would be based on a classical redox reaction between the diazonium salt and VC.
Both reactions could lead to the slow formation of aryl radicals. However, the oxidation of VC
during this redox reaction should form an oxidized product. No evidence of the presence of this
compound was found in our experiments, but it is expected to be formed in very low amount.
Conclusion on the formation mechanism of aryl radicals
To our opinion, the last two mechanisms are the most likely to explain the formation of aryl
radicals in the redox-induced processb since they fit the more experimental results and are in
agreement with pathways already observed in the literature for other systems. However, we
cannot reasonably decide between the exclusively inner-sphere electron transfer mechanism or
the mixed outer- and inner-sphere mechanisms since we do not have clear evidence in favor of
one or the other. Now, we have proposed mechanism for the formation of aryl radicals, it
remains to explain how those aryl radicals graft onto materials and form an organic film.

b

The term redox-induced will still be employed to describe the process in which the presence of
ascorbic acid is required in order to form aryl radicals. However, when an inner-sphere electron transfer
mechanism is proposed, this name is not perfectly adapted. Indeed, even if the diazonium salt is reduced
and ascorbic acid is oxidized, the reaction is based on an intramolecular pathway.
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IV.2.3.2 - Growth of the film
The mechanism for the formation of polyphenylene-like layers on substrates by the
redox-induced process is based on an analogy with the proposed mechanism in the case of the
construction of similar films by electrochemical reduction of aryl diazonium salts.
The most complete mechanism and probably the closest to the VC-induced one on gold was
proposed by Combellas et al.47 for the electrografting of para-substituted diazonium salts,
including NBDT, in organic media on glassy carbon (Scheme 58). It consists in, first, the
reduction of diazonium salt by electron transfer with the electrode and formation of an aryl
radical. Then, this radical reacts with the surface of the electrode. Another aryl radical can
attack the previously grafted aromatic ring which creates a cyclohexadienyle radical. To make
possible the growth of the film, this cyclohexadienyle radical should be oxidized by
transferring, for instance, an electron to a diazonium cation and producing H+. The attack of the
nitrophenyl radical is represented in ortho of the nitro group since some previous work from
Combellas et al. 48, 49 on the influence of steric effects of the aromatic ring on the growth of the
films showed that those aryl radicals mainly linked on the α-position of the NO2. Overall, it
seems that the grafting of polyphenylene-like films follows a chain radical mechanism
equivalent to a “grafting from” pathway. To finish, this mechanism was recently completed by
Doppelt50 in order to explain the formation of azo bonds in the films, as detailed in III.3.1.3.

Scheme 58 – Mechanism of the electrografting of para-substituted diazonium salts, including NBDT, in
organic media on glassy carbon extracted from the work of Combellas and coworkers47.

In our case (chemical reduction of diazonium salt), the formation of aryl radicals is discussed
in the previous paragraph and the growth of the film is 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 aromatic rings,
3. the attack of diazonium cations on cyclohexadienyle radicals (formation of azo bridges).
However, at the same time, the spontaneous grafting process of diazonium salt can also take
place, explaining particularly the presence of Au-N bonds at the interface film-substrate (see
III.3.1). Therefore, it is likely that in the precise case of the grafting on NBDT on gold with VC,
the resulting film comes from the combination of both processes: the spontaneous process and
the electron transfer from VC process. Indeed, we cannot exclude that step 1 mentioned above
does not really occur, and that aryl radicals are only capable of grafting on already attached
aromatic rings (step 2) from the spontaneously formed film, but not directly on the gold surface.
Considering this hypothesis, no general mechanism for the grafting on any type of materials can
really be established, since it depends on the attachment way of the primer thin phenylene layer
on the surface. The mechanism for this essential grafting could vary according to the substrate
employed. For instance, in the case of reducing metals, the reduction of the diazonium salt by
the substrate would lead to a rapid formation of aryl radicals and their grafting of the surface.
Nevertheless, in other cases, aryl radicals might not be involved which is the case for substrates
for which a spontaneous grafting is possible such as gold. To finish, direct diazonium coupling
reactions with functions already present at the surface of substrates can also lead to the
formation of a primer layer. The need for the primer phenylene layer would explain why, in
some cases, pre-treatments of the substrate are required51,

52

. On gold, the mechanism can

therefore be roughly summarized as represented in Scheme 59.
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Scheme 59 – Mechanism proposed for the redox-induced grafting of diazonium salts on gold substrate.
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IV.3 - Comparison of the reducing agents
To widen the study of the chemically-induced reduction of diazonium salts, we will compare
the different graftings obtained according to the reducing agent used as well as the solvent.
Then, we will draw a non-exhaustive list of working conditions for which each reducing agent
is the most adapted.
IV.3.1 - In terms of grafting efficiency
The IR intensity values of the main characteristic band of polynitrophenylene films
(νsNO2 = 1350 cm-1) are summarized in Figure 57 according to the reducing agent (VC, H3PO2
and iron powder: a potential candidate, not presented here, to perform the reduction of
diazonium salts) but also as a function of the solvent employed (acidic or neutral solutions). It is
important to precise that the values presented here correspond to the grafting of 4-nitrobenzene
diazonium salt tetrafluoroborate on gold substrates obtained with non-optimized experimental
parameters (concentration, stirring, reaction time...). So, they are not to be considered as general
rules of grafting. These values only prove that iron and H3PO2 are very efficient to promote the
formation of the film in comparison to the values for the spontaneous grafting of diazonium
salts. The efficiency of VC is clearly lower. However, its great influence on the reaction will be
largely demonstrated in the next chapter when a vinylic monomer is added to the reaction
mixture.
Spontaneous
Fe - H2O
H3PO2 - H2O
H3PO2 - H2SO4

H3PO2 - HCl
VC - H2O
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Figure 57 – IR intensity values of the νsNO2 = 1350 cm-1 band according to the reducing agent (VC,
H3PO2 and iron) and as a function of the solvent employed.

IV.3.2 - In terms of conditions to be used
Whatever the application aimed, the use of basic medium is prohibited since the highest the
pH is the less stable the diazonium salt. The direct reaction of diazonium salts with hydroxide
ions is indeed well known1. Each reducing agent is more adapted to some experimental
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conditions than others. Therefore, we will give basic clues on how to select the most suitable
reducing agent considering a precise application.
Indeed, iron can a priori work at any pH. However, quantities of this reactant cannot be
precisely evaluated since the powder grains are partially oxidized. Moreover, it is a magnetic
compound which is unsuitable for mechanistic studies by EPR. To finish, as it acts in
heterogeneous phase, remaining iron is likely to be found in the grafted films, which can be
inappropriate particularly regarding biological applications. Concerning H3PO2, the reaction is
performed in homogenous phase. However, the substrate itself should be safe at pH lower than
2. Besides, it cannot be used for EPR mechanistic investigations since the spin-traps employed
are not stable in acidic media. To finish, ascorbic acid combines interesting properties of the
two previously described reducing agents. As H3PO2, it works in homogeneous phase and as
iron, at any pH. Moreover, the compound is well adapted to carry out EPR experiments and thus
for studies on the understanding of the grafting mechanism.
To conclude, no general rules can be established. Only lines to direct the choice in reducing
agent can be given. Moreover, these considerations do not replace a deep investigation to
optimize the experimental conditions corresponding to the studied system: diazonium salt –
reducing agent – solvent – substrate.

Summary
The redox-induced grafting of diazonium salts has been mainly used in the literature with
H3PO2 as a reducing agent for the modification of carbon-based substrates. However, the
mechanism of this grafting is still mainly unknown. It is likely that H2PO2- is the compound
responsible for the reduction of diazonium salts, which explains why large excess of H3PO2 are
generally used. This process has important potentialities since theoretically it would lead to the
grafting of covalently bonded polyphenylene-like films on any type of materials (not only
conducting or reducing substrates). In order to investigate this redox-induced grafting, the use of
ascorbic acid as reducing agent has appeared essential to be able to perform EPR and detect the
presence of expected aryl radicals. Therefore, even if the results in this particular case on
surfaces could not bring precise elements in the understanding of the mechanism, the study of
the reactive solutions has demonstrated the existence of aryl radicals and has revealed potential
mechanisms for their formation. However, the mechanism in the case of VC seems more
complex than when H3PO2 or iron are used as reducing agent for which a simple and direct
redox reaction is very likely. Indeed, the existence of an inner-sphere electron transfer
mechanism has been proved which is responsible for the presence of an intermediate diazoether
adduct in solution. From this, two very probable mechanisms have been proposed: the first one
exclusively based on an inner-sphere electron transfer mechanism and the second relying on
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mixed outer- and inner-sphere mechanisms. Nevertheless, experimental results did not allow
choosing between them. By analogy with electrochemical grafting of polyphenylene-like layers,
a grafting mechanism of those aryl radicals has been presented.
It is important to underline that the process described in this chapter is already very powerful
to provide many grafted primer layers on almost any kind of surfaces, suitable for further
functionalization through reactions with the aryl groups or their para-substituents. However, the
latter are limited by the necessary synthesis of the corresponding diazonium salts which stability
is not very high. Hence, the polyphenylene grafted films obtained through the redox-induced
grafting of diazonium salts cannot be an ubiquitous solution for the functionalization of surfaces
Thus, the grafting of polymer films by use of a vinylic monomer (GraftfastTM process),
described in the next chapter, could widen the interest of the process. The study described in the
present chapter has therefore constituted an intermediate mechanistic work with a view to
understand the grafting mechanism of GraftfastTM.
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Chapter V – GraftfastTM process

The GraftfastTM process, recently developed in our laboratory, aims at functionalising any
type of materials with polymers. In comparison to the redox-induced process previously
presented, it widens the possibilities to tailor the surface properties of materials by increasing
the range of functionalities that can be brought to the substrates. The GraftfastTM process is not
restricted to commercial diazonium salts or aromatic primary amines but can be suitable for any
vinylic monomer or monomers polymerising through a radical mechanism. Indeed, also based
on a redox-induced reaction, it is likely that its mechanism also relies on the presence of radicals
in solution. However, the mechanism of this GraftfastTM process has not been deeply studied and
no experimental evidence of the radical mechanism originally proposed by Mévellec et al1 had
been obtained before the present work. Therefore, the purpose of this chapter is to determine a
very likely mechanism based on experimental results for the grafting of PHEMA on gold. First
of all, vinylic polymerization methods using diazonium salts will be examined. Then, the films
will be characterized in terms of composition, structure, morphology, homogeneity and
thickness. We will vary experimental parameters such as the ratios of the concentrations in
reactants, the reaction time and the acidification of the solution in order to explore a wide range
of grafting conditions. To finish, by combining surface with solution analyses, we will propose
an explanation for the mechanism leading to the formation of polymer films on materials by the
GraftfastTM process using ascorbic acid (VC) as reducing agent and we will deal with the
possible modifications in mechanism according to the reducing agent considered.

V.1 - Vinylic polymerisation utilising a diazonium salt
The first use of diazonium salts in vinylic polymerisation was described in 1967 by Warson2.
The author showed that the diazonium salt-hypophosphorous acid system is capable of acting as
an initiator of the polymerisation of acrylonitrile in solution. The diazonium salt was present at
2 % of the molar concentration of acrylonitrile while a 5-fold excess of hypophosphorous acid
as compared with the diazonium salt was used. The polymerisation of acrylonitrile in solution,
accelerated by adding copper sulphate, was tested with various diazonium salts. The use of
nucleophilic substituents on the benzene ring was found to reduce the efficiency of the
polymerisation. An IR analysis and viscosity measurements revealed the presence of
phosphorus in the resulting polymers. Therefore, according to those results, the author deduced
that the hypophosphite radical (H2PO2●) was the initiator of polymerization. The reaction
suggested to be responsible for the presence of H2PO2● in solution was likely to involve the
diazonium salt and particularly aryl radicals; but its formation remaineds unclear and several
mechanisms were proposed (as represented in Scheme 60).
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*

or
or

Scheme 60 – Proposed mechanisms for the initiation of acrylonitrile polymerization by hypophosphite
radical extracted for Warson’s work2. *This form would be due to the presence of Cl- in acidic solutions.

Two techniques using diazonium salts in order to graft polymer chains on substrates were
also reported: the SEEP process (electrochemical polymerization of vinylic monomer using
diazonium salts) and an SI-ATRP process. They will not be described in details here since they
have already been presented, respectively, in I.2.1.8 and I.2.2.2. Both methods are based on a
first step consisting in the electrografting of diazonium salt as a primer-layer. Contrary to SEEP,
SI-ATRP leads to the grafting of controlled polymer chains but it is a two-step process in which
the formation of a polyphenylene-like film with an adequate function allows the subsequent
ATRP step. Due to the first electrochemical step, both processes are limited to conducting
materials. The GraftfastTM process overcomes these limitations since it is based on the
redox-induced grafting of diazonium salts (described in the previous chapter) in presence of a
vinylic monomer and thus can be theoretically suitable for any type of materials. Contrarily to
the mechanism proposed by Warson described above2, Mevellec et al.1 suggested a mechanism
similar to the one deeply investigated of the SEEP process3 which could be split in four steps:
(1) The chemical reduction of the diazonium salt leading to the formation of the
corresponding aryl radicals;
(2) The grafting of aryl radicals forming a polyphenylene-like layer in parallel with the
initiation by those radicals of the radical polymerization of the vinylic monomer in
solution;
(3) The interaction of the growing radical polymer chains with the PNP primer-layer to give
a grafted “copolymer” film;
(4) The growth of the polymer film induced by the successive grafting of the growing
radical chains on phenyl groups embedded in the already grafted film.
However, except for the first step for which evidences were recently found as detailed in
chapter IV, this mechanism has not been demonstrated experimentally. Therefore, by a deep
investigation of the composition and structure of the films, of the experimental parameters
involved in the synthesis and of the composition of the solution, we will corroborate this
mechanism and discuss its variations according to the reducing agent.
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V.2 - Characterization of the GraftfastTM films
The grafting of polymer with the GraftfastTM process will be deeply studied. To start with,
the grafted polymer will be characterised by classic surface analyses; the structure, homogeneity
and conformity of the films will be examined and finally, the determination of the thickness of
the films as well as of the degree of polymerization of grafted polymer chains will be discussed.
Since ascorbic acid (VC) was shown to be a suitable reducing agent for the study of the grafting
mechanism, experiments presented in this chapter will mainly be performed with VC.
V.2.1 -

Typical films

As explained in II.3.3, we focused on the grafting of poly(hydroxyethyl) methacrylate
PHEMA (represented in Scheme 61). This polymer is water soluble, easily identifiable by IR
and XPS and does not contain nitrogen atoms, which permits to attribute all nitrogen detected to
moieties from the diazonium salt. A typical resulting PHEMA film was analysed after the
rinsing procedure described in II.3.5 and compared to a commercial PHEMA spectrum (Figure
58). The two spectra are very similar, particularly in the 1730 cm-1 absorption band (stretching
vibration of C=O groups) meaning we actually grafted PHEMA on gold substrates by the
GraftfastTM method. However, additional peaks in the GraftfastTM PHEMA grafted films are
observed and, as in III.3.1 and IV.1.2, are attributed to NO2 groups (1525 and 1350 cm-1)
meaning that nitrophenyl groups are also present in those films.

Scheme 61 – Poly(hydroxyethyl) methacrylate PHEMA (n denotes the degree of polymerisation).
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Figure 58 – Comparison of IR-ATR typical spectra of commercial PHEMA and a PHEMA film on a gold
plate obtained by the GraftfastTM process (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMA 15 eq, H2O DI,
60 min) with a zoom in the 1200-1650 cm-1 region.
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In addition, contact angle measurements (Figure 59) are in agreement with the presence of
PHEMA on the gold surface since a classical value between 50-60° was found (instead of 99°
for a pristine gold substrate). This value could also be typical of a polynitrophenylene-like layer
as observed in IV.1.2. Therefore, a contact angle value in this range could also correspond to a
mixed film containing PHEMA chains as well as nitrophenyl groups, as suggested by IR results.

Figure 59 – Static water contact angle of a) pristine, b) PHEMA grafted (GraftfastTM process: NBDT
0.046 M (1 eq), VC 1/10 eq, HEMA 15 eq, H2O DI, 60 min) gold plates.

XPS analyses were also carried out to characterise the grafted film. A typical survey
spectrum as well as Au 4f, C 1s, O 1s and N 1s core level spectra are presented in Figure 60.
The C 1s core level spectrum is composed of three main peaks. The peak centred at 285.0 eV
corresponds to alkyl groups, -C-O- or -C-N- simple bonds appear at 286.6 eV and the peak at a
higher binding energy (289.0 eV) is assigned to the carboxylate ester group COO confirming
the grafting of PHEMA on the gold substrates. It is not surprising that the π - π* shake-up
satellite from benzene rings cannot be seen in our experiments since, as mentioned in appendix
5, it is likely that in comparison to PHEMA, aromatic rings are present in very low amounts in
the polymer film. Therefore, C 1s spectra are only displayed with a maximum binding energy of
292 - 293 eV.
The O 1s spectrum displays three peaks attributed to single or double carbon-oxygen bonds.
A ratio of 1 between all those contributions fits expectations for PHEMA.
In the N 1s core level analysis, we obtained a complex spectrum including nitro groups
(NO2) at 406.0 eV but also azo and amino groups gathered in a broad peak centred at 400 eV
and a small Au-N contribution as detailed in III.3.1 which is characteristic of a PNP layer.
Therefore, XPS results also demonstrate the presence of nitrophenyl groups inside the PHEMA
films.
Finally, the Au 4f core level spectrum still shows the characteristic peaks of gold. This result
is somewhat surprising. Indeed, according to profilometer thickness measurements (see V.2.3)
the analysed GraftfastTM PHEMA grafted film is 23 ± 2 nm thick in average. However, the XPS
technique only allows probing the outer 10-15 nm of the sample4. 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 core level spectra of a typical PHEMA film on a
gold plate obtained by the GraftfastTM process (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMA 5 eq, H2O DI,
60 min).

In order, to understand this phenomenon, we compared the XPS area of the latter Au 4f 7/2
peak for two grafted PHEMA films of different thickness to pristine gold (Table 17). The area
of this XPS peak is ten times smaller for the first PHEMA grafted film (GraftfastTM 1) than for
the bare substrate. Moreover, the thicker the polymer film, the smaller the Au 4f 7/2 area.
However, even for a 36 nm thick film, the signal of gold is still observed meaning that
photoelectrons have found a way out the film and were collected on the detector. It is likely that
this phenomenon is due to a low grafting density of the film or to its porosity.
Table 17 – Comparison of film thickness and Au 4f 7/2 area values of pristine and two PHEMA grafted
gold substrates (GraftfastTM process: NBDT 0.046 M (1 eq), VC 1/10 eq, HEMA 5 eq (GraftfastTM 1) and
25 eq (GraftfastTM 2), H2O DI, 60 min).
Pristine gold

GraftfastTM 1

GraftfastTM 2

Thickness (nm)

-

23 ± 2

36 ± 3

Area Au 4f 7/2 (CPS.eV)

42170

4260

677

177

Chapter V – GraftfastTM process

In addition to this difference on the Au 4f core level spectrum, by comparing two PHEMA
grafted films of different thickness, a variation in the N 1s core level spectra was also noticed.
The corresponding measurement is shown in Figure 60 for the 23 nm thick film and in Figure
61 regarding the 36 nm thick film. In the latter case, the amount of nitrogen is very weak to such
an extent that it is almost impossible to accurately fit the signal with peaks. As XPS is sensitive
to the outer part of the sample, the thicker the film, the less the interface film-substrate is
probed. Therefore, we assumed that, similarly to what was concluded for the SEEP process, the
interface film-substrate is richer in nitrogen (i.e. in moieties arising from the diazonium salt)
than the bulk of the grafted film.
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Figure 61 – N 1s core level spectrum of a PHEMA film on a gold plate obtained by the GraftfastTM
process (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMA 25 eq, H2O DI, 60 min).

V.2.2 -

Structure of the films

In order to confirm the localization of the nitrophenyl moieties in the film and to understand
better the grafting mechanism of the GraftfastTM process, particular attention was paid in the
determination of the film structure. A detailed analysis of the whole thickness of the film from
the upper part (superficial) to inner part (interface area) was performed by ToF-SIMS
experiments in abrasion mode. Indeed, the obtained ToF-SIMS depth profile gives the
normalized intensity of the collected ionized fragments resulting from ion bombardment of the
GraftfastTM film as a function of the abrasion time. Therefore, by identifying the fragments
characteristic of nitrophenyl groups or PHEMA and by following their evolution according to
the abrasion time, it is possible to determine the structure of the GraftfastTM films.
Various ions were detected on each negative ToF-SIMS spectra. The characteristic
fragments of the nitrophenyl groups, the polymer or the gold substrate are summarized in Table
18.
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Table 18 – Ions of interest detected in the negative Tof-SIMS abrasion spectra of a typical GraftfastTM
PHEMA grafted on gold plates (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMA 15 eq, H2O DI, 60 min),
their corresponding experimental mass and their attribution in the film.
Ion formula

Mass (m/z)

Fragment characteristic from
O-

[NO]

-

30.00

Nitrophenyl groups

C

N+
O
O-

[CNO]-

42.00

Nitrophenyl groups

C

N+
O
O-

[NO2]-

46.00

Nitrophenyl groups

C

N+
O

[C2H5O2]

-

H2
C

61.03

PHEMA

CH3
C

n

H2
C

C
O

O

OH
C
H2

CH3
H2
C

[C4H5O]-

69.04

C
n

PHEMA

H2
C

C
O

O

OH
C
H2

CH3
H2
C

[C4H5O2]-

85.03

C
n

PHEMA

H2
C

C
O

OH
C
H2

O

O-

[C6H4NO2]-

122.02

Nitrophenyl groups

[Au2]-

393.94

Gold substrate

C

N+
O

For the sake of clarity, only the profiles of the most intense fragments characteristic of each
different constituent of the film were plotted on Figure 62. Nitrophenyl moieties are represented
by the fragment [CNO]-, PHEMA by [C4H5O2]- and the substrate by [Au2]-. An abrasion time of
zero corresponds to the top of the film. The normalized depth profile of a GraftfastTM PHEMA
film is presented in Figure 62a. When abrading the sample, three different phases are observed:
(1) First, there is an important decrease in the intensity of the fragment corresponding to the
polymer. This phenomenon is due to charge effects from the bombardment with charged
ions of a non-charged material and is therefore not significant.
(2) Then, the PHEMA fragments keep a constant intensity value until an abrasion time of
around 70 s.
(3) After this abrasion time, the intensity of those fragments starts to decrease while the
intensity of the nitrophenyl groups increases. This is followed by the increase of the
signal of the fragment corresponding to gold meaning that the substrate is reached.
Contrary to fragments from PHEMA, the amount of the [CNO]- fragments from nitrophenyl
groups increases just before the substrate is probed with a slope almost similar to the gold one.
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This is consistent with the presence of a very thin PNP sub-layer near the interface
film-substrate. However, nitrophenyl fragments are undoubtedly present is the entire film
thickness since they were also detected in the top part of the films (intensity recorded at low
abrasion times not null) but in lower amount than near the interface. Such observation can be in
agreement with the initially proposed grafting mechanism. Indeed, the initiation of the HEMA
polymerization by nitrophenyl radicals would spread nitrophenyl groups throughout the full
polymer thickness up to the top of the film.
For comparison purpose, the normalized depth profile of a spin-coated PHEMA film on top
of a thick PNP layer (obtained from a specific process under patent submission) is shown in
Figure 62b. According to the repartition of the various fragments in the depth of the films, the
outer of this sample is composed of PHEMA layer. Underneath, there is an intermediate zone
made of a mix between PHEMA fragments and nitrophenyl groups. Then, a pure PNP layer is
detected and the substrate is reached. This depth profile is quite similar to the GraftfastTM
PHEMA profile in Figure 62a which confirms the structure of the GraftfastTM films. However,
in the case of the GraftfastTM PHEMA film, it seems that there is not a clear separation between
the PHEMA and the PNP layers. Indeed, the intensity of the PHEMA fragments is only null
when the substrate is reached. Therefore, polymer chains are also present very close to the
interface film-substrate but in smaller amount in comparison to the outer part of the films.
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Figure 62 – Depth profile of the normalized intensity of [CNO]- (characteristic of nitrophenyl groups),
[C4H5O2]- (characteristic of PHEMA) and [Au2]- (characteristic of the gold substrate), ions detected on
the negative ToF-SIMS spectra of a) a typical GraftfastTM PHEMA grafted on gold plates (NBDT
0.046 M (1 eq), VC 1/10 eq, HEMA 15 eq, H2O DI, 60 min) and b) a spin-coated PHEMA film on top of
a PNP layera.

To summarize, according to the ToF-SIMS results, we have confirmed that the GraftfastTM
PHEMA films are rich in nitrophenyl groups near the interface film-substrate but such moieties
are also present in smaller amount up to the surface of the films (probably due to the fact that
they initiate the polymerization). The polymer is found in the all depth of the film and mixes to
a

Only qualitative comparison of those two profiles can be made. Moreover, for the sake of clarity, the
spectra were normalized in intensity. Therefore, y-axes are not comparable.
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nitrophenyl groups near the interface with the gold plate. The deduced structure of the
GraftfastTM film is presented in Scheme 62b and is similar to the one of films obtained by the
electro-induced process SEEP5.
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Scheme 62 – Proposed structure of the GraftfastTM PHEMA 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 PHEMA films, AFM measurements were
performed on a bare gold substrate and a GraftfastTM PHEMA film on gold.
a)

38nm

b)

22.4nm

1 µm
0
0
Figure 63 – 5 x 5 µm² AFM images of a) a pristine gold substrate and b) a GraftfastTM PHEMA on gold
(NBDT 0.046 M (1 eq), VC 1/10 eq, HEMA 15 eq, H2O DI, 60 min).
1 µm

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

All polymer chains are represented attached on an aromatic ring according to the results presented in
V.4.3 on the importance of a primer PNP sub-layer on the grafting. For the sake of clarity, neither the
degrees of polymerisation of the PHEMA chains nor the presence of amino or azo groups are taken into
account.
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substrate and gives also information on the morphology of the films. Indeed, this AFM image
demonstrates the “grainy” morphology of the PHEMA grafted films. Similarly to what was
observed by Tessier et al.3 for electrochemically grafted PHEMA films, it is likely that the
thicker the organic layer, the more flattened the initial morphology of the substrate, as illustrated
by Scheme 63. The presence of high dots on the scanned area could be attributed (i) to dust on
the substrate, (ii) to the presence of gold areas with a higher reactivity leading to the grafting of
more polymer or (iii) simply remaining physisorbed polymer which was not discarded by the
rinsing procedure.

Scheme 63 – Scheme of the changes in morphology of the films due to the flattening effect induced by
the increase of the polymer thickness, extracted from the work of Tessier3.

V.2.4 -

Homogeneity

The determination of the influence of experimental parameters on the films in order to
investigate the mechanism will be mainly based on comparisons between IR intensities values
of the stretching vibration of C=O groups. Therefore, it is important to evaluate the variations in
IR absorption between values measured along the same substrate as well as on various
substrates immersed in the same reactive solution.
First, by performing twelve measurements along the same PHEMA grafted film (Figure 64),
an average intensity value of 7.5 ± 1.1 % was calculated. Therefore, the IR absorption value of a
sample can be determined with a variation of plus or minus 15 %. As mentioned in IV.1.2.1,
this discrepancy could be due to the variability of the ATR measurements but also to the
homogeneity of the organic film itself. To get a better idea of the homogeneity of the PHEMA
films, substrates were characterized at a smaller scale by IRRAS.
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Figure 64 – Intensity of the νC=O absorption band from the IR-ATR analysis along the gold substrate
(26 x 70 mm2) of a PHEMA film grafted with the GraftfastTM process (NBDT 0.046 M (1 eq), VC
1/10 eq, HEMA 15 eq, H2O DI, 60 min).

The IRRAS mapping, focused on the most intense band of the polymer (at 1730 cm-1), is
presented in Figure 65. It seems that, in this 17 x 4 mm2 square, the IR intensities are very
similar except in singular points. Indeed, each peak on the mapping represents a single point of
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measurement for which more PHEMA is present. Such peaks are consistent with the dots that
were observed by AFM (Figure 63b). However, they do not constitute the main part of the
sample. Therefore, we can consider the grafting as homogeneous with a variation of ± 15 % on
the IR values.
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Figure 65 – IRRAS mapping (68 mm ) of the νC=O band (1730 cm ) from a typical PHEMA layer grafted
by GraftfastTM (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMA 15 eq, H2O DI, 60 min). A measurement was
performed every 430 µm in both directions.

To finish, by analysing three different samples grafted at the same time and in the same
reactive solution, we found out that the IR-ATR intensity average value was also obtained with
a variation of ± 15 %. Thus, the same variation value on the IR measurements is reached when
averaging various absorption values from the same sample or one IR value from three different
samples. Therefore, in order to reasonably limit the number of measurements to characterize
one experiment, for the rest of this work, we decided to perform IR measurements in the middle
of three samples grafted simultaneously and to take the average value.
V.2.5 -

Reproducibility of the syntheses

Let us now focus on the reproducibility of the process. In order to estimate the
reproducibility of the experiments, the dispersion of the intensity values of νC=O was evaluated
in the case of several PHEMA films grafted on gold, prepared in identical conditions over a
year. These IR intensities as well as the average and the standard deviation of those data,
calculated from the equation 5.1, are reported in Table 19.
The IR-ATR intensities are not constant from a GraftfastTM experiment to another one. If we
consider the difference between the average and extreme values, for these experiments, the IR
intensities are determined at plus or minus 44 %. Therefore, it seems that the process is poorly
reproducible at least from a laboratory point of view. Such a dispersion of the values between
theoretically “identical” samples could come from:
-

the homogeneity of the film. As detailed in the previous part, the IR intensities are
obtained with a variation of ± 15 %.
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-

a difference in reactivity of the gold plates. Indeed, the reactivity of the substrates can
vary, for instance, according to their contamination, the time of storage, their
preparation. In the latter case, the quality of the evaporated gold strongly depends on the
parameters such as the cleanliness of the evaporation chamber and the cleaning of the
glass plates.

-

a variation in the reactants. In the case of ascorbic acid, the same batch was used during
the whole work. However, the diazonium salt as well as the monomer came from
different batches, because the consumption did not allow keeping the same one.
Moreover, the purification of the diazonium salt by reprecipitation could provide batches
of different purity.

-

the atmosphere of the reaction. The diazonium salt is highly sensitive to temperature and
light. Therefore, variations of such parameters could affect the synthesis. The humidity
level in the air could also influence the reaction.

-

the IR measurement. As mentioned in III.3.1, the IR-ATR measurements are sensible to
the pressure applied on the sample and its contact with the diamond crystalc. Moreover,
the determination of the intensity value depends on the base line of the spectrum.

1 n 2
σ=
(∑ xi ) − x 2
n i =1

with x =

1 n
∑ xi
n i=1

(5.1)

Table 19 – Intensity value of νC=O band for GraftfastTM PHEMA films synthesized in identical conditions
over a year (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMA 15 eq, H2O DI, 60 min).
Date (DD/MM/YY)

I νC=O

15/12/09
26/01/10
23/04/10
31/05/10
30/06/10
24/09/10
06/10/10
15/10/10
03/11/10
14/01/11

8.05 %
7.61 %
5.99 %
4.5 %
5.28 %
5.4 %
8.75 %
10.19 %
5.4 %
9.76 %

Average x
Standard deviation

σ

7.09 %
1.9 %

In order to reduce such disparities in the IR intensities values, we tried to limit the effect of
some of the parameters listed above. Comparisons will only be made between samples grafted
on the same day, from the same reactants and on gold plates from the same evaporation batch.
That way, we assume that the measurements are mainly influenced by the homogeneity of the
c

This error is however already taken into account when calculating an average IR value from various
samples.
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films and the variability of the ATR measurements. Therefore, a variation of ± 15 % on the IR
intensity values will be considered, as evaluated above.
V.2.6 -

Thickness of the films

Beyond chemical characterizations of the polymer, it is also very important to determine the
thickness of the grafted layers. Various techniques can be used to do so. First, the thickness of
films can be evaluated from XPS data. It can also be reached by optical measurements with an
ellipsometer and by mechanical measurements using a profilometer. To finish, as we will see
that all those methods present drawbacks, we will propose another way to estimate the film
thickness in the specific case of PHEMA based on the establishment of an abacus linking the IR
intensity of the carbonyl band with the thickness measured by the previously described
methods.
V.2.6.1 - Thickness calculations from XPS data
According to the equation (5.2), the thickness of thin films can be calculated from the
decrease in intensity of the XPS gold signal observed between a pristine and a coated substrate.

I
=e
I0

d 

−

λ
sin
θ


with

I
I0
d
λ
θ

Intensity of the grafted sample (Au 4f 7/2)
Intensity of the pristine sample (Au 4f 7/2)
Thickness of the organic layer
Attenuation length of electrons
Angle of the XPS beam with the substrate

(5.2)

Since in all our experiments, XPS measurements were performed in normal incidence
(θ = 90°), the thickness of the layer is given by the following equation:

d = −λ ⋅ Ln

I
I0

(5.3)

This formula was used by Whitesides and coll6 for thickness determination of self-assembled
monolayers (SAMs) of alkanethiols on Au(111) and values of λ were determined in this specific
case (λ = 42 ± 1.4 Å for a kinetic energy of photoelectrons of 1402 eV corresponding to Au 4f
7/2). However, applying this method to our films is not straightforward. First, since we are
dealing with polyphenylene-like or polymer films, no value of the attenuation length of
electrons was estimated for such films. Nevertheless, as a first approximation, for very thin PNP
films λ values associated to alkanethiols layers could be used. However, this technique is
limited to films thinner than approximately 10 - 15 nm (value corresponding to the maximum
escape depth of electrons from the substrate).
To start with, we applied this method for the thickness calculation of pure
polyphenylene-like films on gold as those formed in chapters III and IV. The Au 4f 7/2 intensity
of a pristine gold substrate after abrasion of its surface in the XPS chamber to remove carbon
and oxygen contamination was used as I0. It was found that the thicknesses calculated for PNP
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layers were identical to the one estimated in the case of a non-abraded pristine gold sample, i.e.
identical to a contamination layer. Therefore, this method is not adapted for the determination of
the thickness of PNP layers. It is neither efficient for the evaluation of thickness of PHEMA
films. Indeed, as developed in V.2.1, the attenuation of the gold signal is unexpected for
PHEMA films obtained by the GraftfastTM process since 36 nm thick films (profilometer
measurement) can still display peaks corresponding to Au 4f 7/2. Therefore, the above formula
will likely underestimate the thickness of the film. Moreover, films a lot thicker than 10 nm are
often formed by the GraftfastTM process. To conclude, this technique based on XPS data is not
suitable in our case for the thickness determination of neither PNP layer nor PHEMA films.
Consequently, we focused on other methods and particularly profilometry.
V.2.6.2 - Thickness measurement by profilometry
Profilometry is a mechanical technique based on the variations in height, due to the profile of
the surface, of a stylus in contact with the sample and moving along it. Often used to measure
roughness of substrates, it could also be employed for thickness measurements when a “step”
between the layer and the pristine substrate exists. Such configuration can be difficult to obtain
since our sample are completely immersed in the reactive solution. Various techniques were
tested in order to create this step. The method giving the best defined “step” consists in
performing a manual straight “scratch” of the sample with a wooden stick. This removes the
organic layer without, a priori, damaging the gold layer and forms a line potentially free of the
polymer. A typical profile obtained by this technique to 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 of a PHEMA layer on gold in the area of the
hand-made scratch (NBDT 0.046 M (1 eq), Iron, HEMA 15 eq, HCl 0.5 M, 60 min).

It is evident that the accuracy of those thickness measurements strongly depends on the
formation of the “step”. The thicker the film, the easier the creation of this step. However,
remaining polymer inside the scratch is always of possibility and could lead to an
underestimation of the thickness of the films. Therefore, small spot XPS measurements were
performed inside and outside the scratch (Figure 67). From the higher intensity of the gold
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signal inside the scratch, it is obvious that an important part of the organic film was removed
from the substrate. Moreover, the area of total carbon is also strongly smaller when analysing
the inside of the scratch, while nitrogen peaks only slightly diminuish. However, some nitrogen
(in particular Au-N bonds representative of the interface film-substrate) were still detected
inside the scratch as well as some carbon corresponding to the polymer (C=O band). Therefore,
it seems that most of the polymer film is eliminated when scratching the sample. Nevertheless,
similarly to the results of Charlier et al.7 after the nanofriction of a PNP electrografted layer
with an AFM tip, a small part of the organic film remains grafted, which induces an
unmeasurable error in the thickness measurement.
Consequently the following question raised: in the case of the GraftfastTM PHEMA films,
does it exist another method giving a more accurate thickness value of the films?
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Figure 67 – Au 4f, C 1s and N 1s core level spectra outside and inside the scratch performed on a typical
PHEMA film on a gold plate (NBDT 0.046 M (1 eq), Iron, HEMA 15 eq, HCl 0.5 M, 60 min).

V.2.6.3 - Thickness measurement by ellipsometry
Among the common method for thickness measurements, ellipsometry appeared as a
potential candidate. It is an optical technique consisting in the analysis of the changes in
polarisation of light upon reflection on a surface. Among the various applications of this
characterization tool, thickness measurement was widely used in the case of “thin” films such as
non-reflective layers, gold coatings and so on. This method is mainly suitable for substrates
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composed of a small number of discrete and well-defined layers that are optically homogeneous
and isotropic.
Thus, drawbacks of this technique for the thickness characterization of the GraftfastTM
PHEMA films are quite obvious. First, those films are likely to be formed from a mix from
PHEMA polymer chains and moieties from the diazonium salt. The refractive index of such a
layer is unknown and no layer model has been established. Moreover, as detailed in V.2.4, the
homogeneity of the polymer film might not be good enough for that method. To finish, the
roughness of the gold substrate as well as the one of the film could be a problem for the
measurement.
Ellipsometry experiments were performed (see appendix 1) using a layer model of a single
organic layer on gold. Considering the factors of uncertainties in measurement mentioned
above, the thicknesses of the films obtained by ellipsometry were not determined with a higher
accuracy than those measured by profilometry (this could be for instance enhanced by defining
a layer model closer to the reality of our films). Moreover, as we do not have the experimental
apparatus in our laboratory, systematic thickness measurements of the grafted films are difficult.
Therefore, we propose a method to quickly access the value of the thickness of the films by
coupling ellipsometer and profilometer measurements with IR absorption intensities.
V.2.6.4 - IR

intensity/thickness

abacus

for

a

rapid

thickness

determination
The IR-ATR technique is a non-quantitative method. However, the intensity of an absorption
band, characteristic of the film (in our case υC=O at 1730 cm-1), can be correlated to the thickness
of the films via an abacus. To do so, GraftfastTM PHEMA films of various thicknesses were
characterized by IR and profilometry/ellipsometry. The values are reported on the abacus in
Figure 68. No values are presented for films thinner than 10 nm since both techniques are not
suitable to measure such thicknesses.
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Figure 68 – IR intensity of the υC=O band for GraftfastTM PHEMA films of various thicknesses on gold
(obtained in different conditions using VCd). The error bars indicate the uncertainties in measurement.
d

No experimental data are presented for IR absorption intensity superior at 12 % i.e. thicker PHEMA
films since in this work, we rarely obtained such films using ascorbic acid and in a reproducible way.
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First of all, it is interesting to notice that the graphs obtained in the case of profilometry and
ellipsometry experiments are very similar meaning that both techniques give close thickness
values. This also indicates that this abacus is not dependent on the method chosen to measure
the thickness of the PHEMA films. Besides, as it can be observed on this figure, for thickness
values smaller than around 40 nm, it seems that there is a linear relationship between the IR
intensity of the carbonyl band and the thickness of the polymer films. This result demonstrates
that the comparison of the films in terms of thickness can reasonably be based on the
measurement of the IR absorption intensity.
Therefore, in the rest of this chapter, the influence of the experimental parameters on the film
growth i.e. on the film thickness will be achieved by directly comparing IR intensities of the
υC=O IR band instead of thicknesses measured by ellipsometry (which cannot be daily performed
in our laboratory) or profilometry (for which a scratch is required). Thus, the abacus (Figure 68)
gives the correspondence between the IR intensity and the thickness of the film. This method is
rapid, simple and can be systematically performed since IR is a common characterization tool.
However, it is important to be aware of the limitations of this technique:
-

The correlation between IR intensity and thickness is based on the assumption that there
is no preferential orientation effect of the carbonyl groups in the films.

-

This method is only suitable for the evaluation of relative thickness. The thickness
values of two films can be compared one with the other but an absolute thickness value
cannot be precisely determined.

-

This technique is only suitable in the specific case of GraftfastTM PHEMA films on gold
very probably obtained in presence of the same reducing agent since thickness values not
fitting this linear relationship were determined for films synthesized with iron powder as
reducing agent (see V.4.5.2 for a possible explanation).
V.2.7 -

Degree of polymerization of PHEMA grafted chains

In order to fully characterize the GraftfastTM films, the last parameter to evaluate is the length
of the PHEMA chains (molecular weight or degree of polymerization). To do so, two methods
were used: size exclusion chromatography (SEC) and XPS. In the former case, the degree of
polymerization of chains in solution can be potentially determined. Assuming that polymer
chains formed in solution have the same characteristics as those grafted on the substrates, this
method could give a rough idea of the value concerning grafted polymer chains on gold
substrates. In the latter case, thanks to a few approximations, 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 polymer by SEC, a calibration using standards
of known molar mass has to be performed. However, SEC is a chromatography method based
on the separation of macromolecules according to their hydrodynamic volume. Thus, a
non-linear macromolecule would fill a higher volume than a linear macromolecule of identical
molecular weight and be consequently eluted more rapidly in the column. Therefore, PHEMA
standards of similar architecture of the polymer obtained by the GraftfastTM process are
required. However, the architecture of the polymer in the case of the GraftfastTM process is
unknown. Similarly to the probable grafting mechanism, it is likely that, in parallel to a classic
polymerization pathway, growing polymer chains can potentially terminate onto nitrophenyl
groups (present in the chain since they initiate the polymerization). Such phenomenon could
lead to the formation of random non-linear polymer chains. Moreover, the mix composition of
the polymer (due to presence of aromatic rings) can also affect the behaviour of the polymer in
the SEC column. Therefore, no polymer standard mimicking the unidentified architecture and
composition of the GraftfastTM PHEMA exists. Hence, the evaluation of the degree of
polymerization of the GraftfastTM PHEMA is impossible. Only qualitative comparisons in signal
intensity are relevant in the case of the study of the GraftfastTM solutions. Size exclusion
chromatograms of a typical GraftfastTM solution at various reaction times are presented in
Figure 69. The shorter polymer fragments take longer time to exit the column.
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Figure 69 – Size exclusion chromatography of a GraftfastTM solution (NBDT 0.046 M (1 eq), VC
1/10 eq, HEMA 15 eq, H2O DI) at various reaction time.

First of all, it is clear that whatever the solution analysed, there is a continuous distribution in
polymer size. Moreover, all the molecular weights observed are already present after five
minutes of reaction meaning that the polymerization in solution starts in the first 5 min of
reaction. However, the detection is provided by a refractive index detector which measures the
variation in refractive index of the analysed solution in comparison with a reference solution
(mobile phase). Therefore, as polymer chains of different molecular weights are likely to have
different refractive index values, they cannot be quantitatively compared. Only comparisons in
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intensities of the polymer chains according to the reaction time can be made. It is obvious from
Figure 69 that, as expected, whatever their molecular weight there is a linear increase in the
number of polymer chains (growing or terminated) with reaction time. Particularly, the
variations between 30 and 60 min reaction times indicate clearly that even the shortest polymer
were created in the last 30 min of the reaction. This is an important observation since it proves
that the solution is still “active” i.e. initiation of polymerization still occurs 30 min after the start
of the reaction. Surprisingly for the longest reaction time no polymer chains with higher
molecular weight than those observed at shorter reaction time were detected. This phenomenon
is likely to be linked with the limited lifetime of growing radical chains in the medium
(important number of termination reactions).
Therefore, thanks to SEC, polymerization in solution was demonstrated. Then, data on the
« activity » of the solution were collected. Polymer chains are present in the first 5 min of the
reaction but are also created in its last 30 min. However, we could not access the degree of
polymerization of the PHEMA, grafted on the substrate or in solution. In order to estimate the
number-average degree of polymerization (DPn) of the GraftfastTM grafted PHEMA, we used an
indirect method based on XPS results.
V.2.7.2 - Estimation of DPn from XPS data
In this part, XPS data are used to estimate the degree of polymerization of grafted PHEMA.
Indeed, as polymerization is initiated by nitrophenyl radicals, a PHEMA chain grafted on the
substrate can be represented as in Scheme 64. Thus, grafted chains are composed of a
nitrophenyl end (only entity bearing a nitrogen atom) and of n HEMA repeated units (each
containing a carboxylate group). The degree of polymerization can therefore be estimated from
equation 5.4 by calculating the ratio of the areas of carboxylate and nitro groupse (determined
by XPS analysis).
CH 3
O2N

H2
C

C

n

Sample

COO
COO(CH
2)2OH
Scheme 64 – Representation of a PHEMA chain initiated by a nitrophenyl radical (n represents the
average number of repeat units i.e. DPn)

(5.4)

e

As detailed in III.3.1.2, amino groups are likely to come from the degradation of nitro groups due to
exposure to X-ray irradiation. Therefore, to take into account the entire amount of nitrogen from
nitrophenyl groups, amino as well as nitro groups XPS contributions were added.
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For samples obtained after a 60 min reaction time, the degree of polymerization of grafted
PHEMA chains was estimated to range in average from 10 to 80f. Those DPn values are likely to
be underestimated. Indeed, in these calculations, we assumed that only one nitrophenyl moiety
per grafted polymer chain was present in the film. However, depending on the thickness of the
sample, the interface film-substrate, rich in nitrophenyl groups (see V.2.2), can be analysed by
XPS. As it is impossible to dissociate nitrophenyl groups located in this area from nitrophenyl
that have initiated the polymerization of grafted polymer chains, it overestimates the amount of
nitrophenyl groups used in the equation 5.4. Moreover, the possibility of the grafting of
nitrophenyl radicals directly onto the aromatic end of the polymer chains cannot be discarded.
This would also lead to an overestimation of the amount of nitro groups in the films i.e. an
underestimation of the DPn of the PHEMA grafted chains. Besides, those DPn values cannot be
determined accurately since the nitrogen signal becomes less and less intense when analysing
parts of the film which are more distant from the surface. Considering all these parameters,
studies of the evolution of the degree of polymerization 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 conditions on the process will be investigatedg.
Ratios and concentrations of reactants will be optimized as well as the reaction time. Then, the
efficiency of the usual rinsing procedure will be examined in this particular case of PHEMA
films. To finish, the influence of gas bubbling and the acidification of the solution will be tested.
The effect of those parameters on the GraftfastTM PHEMA films will be evaluated by comparing
the IR intensity values of the νC=O band which, as previously detailed, is related to the thickness
of the film. Beyond finding experimental parameters giving the thickest films, the study also
aims at highlighting results which could be helpful in the understanding of the grafting
mechanism.
V.3.1 -

Adjustment of concentrations of reactants

Similarly to what was observed in the previous chapter, the value of the [VC]/[NBDT] ratio
probably plays an important role in the synthesis. Moreover, it is likely that [HEMA]/[NBDT]

f

According to those values, in some cases it would be more accurate to talk about oligomers and
oligoradicals instead of polymers and macroradicals. However, in the rest of this work, we will carry on
using the words polymer or polymer chains.
g
As shown in appendix 6, even when no reducing agent is used, the temperature has an influence on
the reaction. However, the mechanism involved remains unclear. Therefore, in order not to complicate the
understanding of the GraftfastTM mechanism, we will not investigate the effect of the temperature during
our experiments.
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ratio and the NBDT concentration will also have an effect on the process. Therefore, their
influences on the grafting of PHEMA films on gold were studied.
V.3.1.1 - Ratio [VC]/[NBDT]
The initial concentration of ascorbic acid in the solution was the first parameter to be
optimized. The IR intensity values of the νC=O band according to the value of the [VC]/[NBDT]
ratio are summarized in Table 20. It is clear that the lower the ratio, the higher the intensity
value i.e. the thicker the PHEMA film. Therefore, as for the VC-induced process (chapter IV), a
[VC]/[NBDT] ratio of 1/10 will be used for the rest of the study. Excess values of VC were not
tested since stoichiometric amounts of reactants were already not giving any grafting of
PHEMA.
Table 20 – IR intensity of the νC=O band of GraftfastTM PHEMA film according to the [VC]/[NBDT] ratio
used (NBDT 0.046 M (1 eq), VC, HEMA 5 eq, H2O DI, 60 min).
[VC]/[NBDT]

1

3/4

1/2

1/5

1/10

I νC=O

0.33 %

0.88 %

1.2 %

1.4 %

2.66 %

V.3.1.2 - Ratio [HEMA]/[NBDT]
The [HEMA]/[NBDT] ratio is also likely to affect the synthesis of the GraftfastTM PHEMA
films. The XPS area of carboxylate ester groups COO, the IR intensity of νC=O band and the
thickness of the PHEMA films were followed to investigate 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 intensity of νC=O band (green) and film thickness (black, at
± 5 nm) of GraftfastTM PHEMA films as a function of the [HEMA]/[NBDT] ratio (NBDT 0.046 M
(1 eq), VC 1/10 eq, HEMA, H2O DI, 60 min).

It is interesting to notice that the variations of those three parameters with the HEMA
starting concentration are parallel. It denotes that an increase in the IR intensity is mainly related
to an increase in the film thickness and not in the film density. Moreover, the XPS
measurements corroborate the IR results i.e. the presence of PHEMA films on the substrates is
confirmed and thicker films are obtained for higher monomer concentrations. A 1.25-fold molar
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excess of HEMA over the diazonium salt did not lead to any PHEMA grafting. However, from
a [HEMA]/[NBDT] ratio of 15, a maximum value of the thickness of the PHEMA film was
obtained. This critical value could correspond to a compromise between the termination rate of
growing polymer chains on the surface and the physorption of polymer chains on the substrate.
Indeed, the increase in the initial concentration of monomer simultaneously leads (i) to the
formation of more growing polymer chains which can graft on the substrate and (ii) to more
terminated polymer chains which can physisorb on the surface and block the growth of the film.
Thus, the observed maximum thickness seems related to the amount of grafted and physisorbed
chains. However, the latter parameter depends on the solubility of the polymer chains in the
solvent. Particularly, experiments performed in monomer-rich aqueous solution may limit the
physorption of the ungrafted polymer chains if the polymer chains are more soluble in the
monomer than in water.
The presence of nitrophenyl moieties in the PHEMA structure was confirmed by IR-ATR
and XPS. The thicker the PHEMA film, the higher is the IR absorption intensity of the
characteristic bands of nitro and phenyl groups. The absorption intensity of the νsNO2 band for
PHEMA polymer film was found higher than in the case of pure PNP films (respectively 0.78 %
and 0.11 %). However, the thicker the PHEMA film, the smaller the XPS area of features from
the nitrophenyl moieties (nitro and amino groups). The differences between IR and XPS
measurements concerning the amount of nitrophenyl groups in the films can be attributed to a
difference in analysed depth between those two techniques. Indeed, for IR-ATR measurements,
this value depends on the wavelength of light, the refractive index of the crystal as well as of the
sample and the incidence angle of the IR beam. The depth of penetration was calculated thanks
to the equation 5.5 and found to range from 0.5 µm to 3 µm for respectively 4000 cm-1 to
600 cm-1. Thus, in our case, the whole films are always analysed. On the contrary, XPS is only
sensitive to the outer 10 - 15 nm of the coating. Therefore, we believe that, in the case of most
PHEMA films, only a small amount of the nitrophenyl groups is detected by XPS in comparison
to what is measured by IR because those moieties are mainly located near the interface
film-substrate.

with

λ
θ1
n1
n2

Wavelength of light
Angle of incidence of the IR beam
Refractive index of the crystal
Refractive index of the sample

(5.5)

To sum up the influence of the starting HEMA concentration, a 15-fold molar excess over
NBDT corresponds to the lower HEMA concentration value giving thick PHEMA films.
Therefore, in the rest of this study, the [HEMA]/[NBDT] 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 the reactants concentrations, the concentration
of the diazonium salt was varied. No concentration higher than 0.046 M was tested since we
were limited by the solubility of NBDT in water. From the results reported in Table 21, it seems
that the higher the NBDT concentration, the higher the IR intensity value of νC=O i.e. the thicker
the PHEMA film. However, there is a critical NBDT concentration value, between 0.023 M and
0.01 M, from which almost no PHEMA grafting is observed. For lower concentrations than this
critical value, the IR absorption spectrum corresponds to a PNP layer. Therefore, it is possible
that, in those conditions, there was not enough polymer chains formed in solution to get them
grafted on the substrate.
To conclude, it appeared that the thicker GraftfastTM PHEMA film on gold from NBDT and
ascorbic acid are obtained using a NBDT concentration of 0.046 M, a [VC]/[NBDT] ratio of
1/10 and a [HEMA]/[NBDT] ratio of 15. Those optimized parameters will therefore be used in
the rest of the study to make easier the evaluation of the influence of other experimental
parameters on the grafting.
Table 21 – IR intensity of the νC=O band of GraftfastTM PHEMA film according to [NBDT] (NBDT
1 eq, VC 1/10 eq, HEMA 15 eq, H2O DI, 60 min).
[NBDT]

0.001 M

0.0046 M

0.01 M

0.023 M

0.046 M

I νC=O

0.21 %

0.11 %

0.67 %

8.9 %

10.19 %

V.3.2 -

Reaction time

Another important parameter of the GraftfastTM process is the reaction time. Therefore, the
grafting obtained for a reaction using the optimized concentrations determined in the previous
part was followed with time. The IR intensity values were measured, after the usual rinsing
procedure, at various reaction times in the case of two identical reactions carried out with
4-month time gap (since differences could be observed due to the lack of reproducibility of the
experiments, see V.2.5). The results are presented in Figure 71.
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Figure 71 – IR intensity of the νC=O band of GraftfastTM PHEMA films synthesized in the same
conditions but with a 4-month gap (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMA 15 eq, H2O DI) versus
reaction time.
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It is difficult to determine a general trend. Indeed, on the one hand, the first curve (green
points) shows an initial linear increase of the amount of PHEMA on the substrate which then
tends towards an asymptotic value after 60 min. As expected, the longer the reaction time, the
more polymer chains are grafted until compounds in solution physisorb on the sample and block
the access to the surface. On the other hand, the second curve (blue squares) also starts with a
linear increase of the amount of grafted PHEMA but the maximum value is reached at around
30 min and is surprisingly followed by a decrease of the νC=O IR intensity. This behaviour is
more difficult to explain. It could be due to our rinsing procedure which in the former case is
not efficient enough to remove the entire non-grafted polymer or on the contrary damages the
thick polymer films due to ultrasonication.
We therefore investigated the variations in grafting induced by the rinsing procedure. Simple
water, ethanol, acetone rinsings were first performed. Then, a 5 min ultrasonication treatment
was added (which corresponds to the typical rinsing procedure employed). To finish, on top of
the previous rinsings, we investigated the effect of a treatment in a Soxhlet extractor (EtOH).
The νC=O IR intensity values obtained after each procedure are reported on Figure 72.
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Figure 72 – IR intensity of the νC=O band of GraftfastTM PHEMA films (NBDT 0.046 M (1 eq), VC
1/10 eq, HEMA 15 eq, H2O DI) as a function of the reaction time in the case of three different rinsing
procedures: simple water, ethanol, acetone rinsings, + DMF US, + Soxhlet extractor.

As in the case of the data in blue in Figure 71, after simple rinsing and DMF US, a maximum
of PHEMA grafting is observed around 30 - 40 min and is followed by a decrease. However,
after the Soxhlet procedure, it seems that, considering the variations in measurement, a constant
νC=O IR value is obtained from the reaction time. Over 50 min, the difference between the two
latter rinsing procedures is not significant. DMF US on top of simple water, ethanol, acetone
rinsing is therefore sufficient to remove all non-grafted polymer. Nevertheless, for reaction
times of 30 min and 40 min, a relevant drop in IR intensity was detected between the latter two
rinsings. This means that there is remaining physorbed polymer on the sample that can only be
removed by a Soxhlet treatment. This behaviour could arise from differences in the cohesion of
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the physisorbed polymer whether it contacts grafted PHEMA film or already physisorbed
matter, which densities are likely to be different.
This study showed that the unexpected behaviour of some graftings with time could be
explained in terms of rinsing procedure since a Soxhlet rinsing restores a “normal” trend.
Moreover, it appears that a 60 min reaction associated to a typical rinsing procedure and a
30 min reaction coupled with a Soxhlet extractor (on top of a typical rinsing procedure) would
give identical results. Therefore, for the sake of simplicity, a reaction time of 60 min and a
typical rinsing procedure (water, ethanol, acetone rinsings followed by 5 min DMF US) will be
employed for the rest of this chapter.
V.3.3 -

Gas bubbling

As demonstrated in IV.2.2.2, the redox-induced process is based on the formation of aryl
radicals from the reduction of the diazonium salt. In the GraftfastTM process, it is very likely that
such reduction also occurs. Radicals are known to be sensitive compounds to the atmosphere of
the reaction. On the contrary to inert atmospheres, oxidative atmospheres (O2) can work as
radical quencher. Therefore, the bubbling of the solution can have an impact on the grafting of
PHEMA films. Argon, dinitrogen and air bubbling were examined and compared to a reaction
performed without any bubbling. The variations detected on the νC=O IR intensity (Table 22) do
not seem important enough to be attributed to an effect of the bubbling. Only the results
obtained with air bubbling could be considered to slightly favor the grafting of PHEMA films,
which is quite surprising since O2 is a radical quencher. It is likely that the bubbling has an
effect on the reactions occurring in solution but we did not study that aspect. No clear influence
of any of the tested bubblings on the grafting i.e. on ending reaction on the surface was found.
Therefore, for the rest of this study, no bubbling will be used.
Table 22 – IR intensity of the νC=O band of GraftfastTM PHEMA films (NBDT 0.046 M (1 eq), VC
1/10 eq, HEMA 15 eq, H2O DI, 60 min) according to the nature of the gas bubbling of the solution.

I νC=O (%)

V.3.4 -

No bubbling

Argon

N2

Air

8.05 ± 1.2

7.65 ± 1.15

8.47 ± 1.27

9.4 ± 1.4

Acidification of the solution

Last but no least experimental parameter investigated is the acidity of the solution. The effect
of the pH of the solution and the nature of the acid used on the PHEMA grafting was tested.
Experiments in acidic buffer solutions were also carried out and are presented in appendix 7.
First of all, the reaction was performed at various acidic pH using H2SO4 and HCl solutions.
An experiment in H2O DI was carried out in parallel for comparison purpose. The results
presented in Figure 73 show that, whatever the pH of the solution, almost no PHEMA was
grafted using HCl solutions. The interfering reaction forming chloroaryls from diazonium salt
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and HCl (see II.3.1.3) could explain such behaviour. However, when using H2SO4 solutions, it
seems that the more acidic the pH (down to pH of 1), the thicker the grafted films. Surprisingly,
whatever the acid employed, no grafting was observed at pH lower than 1. The reason why such
phenomenon occurred remains unclear. It could simply due to the very low amount of ascorbate
ions in solution, which, according to the mechanism proposed for the VC-induced process in
IV.2.3, is likely to be the compound responsible for the reduction of the diazonium salt. Indeed,
at pH = 1, the concentration of ascorbate ions equals to 46 µM and at pH = 0.3 is five times
lower.
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Figure 73 – IR intensity of the νC=O band of GraftfastTM PHEMA films (NBDT 0.046 M (1 eq), VC
1/10 eq, HEMA 15 eq, 60 min) according to pH and the nature of acid used (H2SO4 or HCl).

From the previous results, it is obvious that there is a strong influence of the nature of the
acid. Therefore, the influence of five different acids on the GraftfastTM process was compared
(Figure 74). Only reactions with HNO3 and H2SO4 led to the grafting of PHEMA films. These
results could be explained by the introduction of different counter-ions according to the acid
used. Indeed, it is likely that some counter-ions stabilise more the diazonium ions than others
which influence the ability of the diazonium salt to be reduced.
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Figure 74 – IR intensity of the νC=O band of GraftfastTM PHEMA films (NBDT 0.046 M (1 eq), VC
1/10 eq, HEMA 15 eq, pH = 1, 60 min) according to the nature of acid used (HCl, HBF4, HClO4, HNO3,
H2SO4).
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V.3.5 -

Conclusion on the effects of experimental parameters

The experimental parameters have been optimized in the specific case of the grafting of
PHEMA films on gold substrates using NBDT and ascorbic acid. The thicker PHEMA film in
H2O DI was obtained with:
-

a NBDT concentration of 0.046 M,

-

ten times less ascorbic acid than NBDT,

-

a 15-fold molar excess of HEMA over the diazonium salt,

-

no bubbling,

-

a 60 min reaction time,

-

a typical rinsing procedure (H2O DI, ethanol, acetone rinsing and US 5 min in DMF).

A PHEMA film grafted in H2SO4 (pH = 2) with those parameters was found approximately
6 nm thicker than when synthesized in water DI. However, acidic conditions are not adapted for
a mechanistic study (the spin-trap used in EPR experiments is not stable in acidic media).
Therefore, with a view to study the grafting mechanism of the GraftfastTM process, all the
following experiments will be performed in water DI. To finish, it is worth insisting on the fact
that those optimized parameters are very likely to be exclusively adapted to this precise
synthesis (NBDT, VC, HEMA, H2O DI and gold substrates).

V.4 - Towards the understanding of the grafting mechanism
The study of the redox-induced process (chapter IV) as well as of the structure of the
PHEMA films already brought information clarifying the grafting mechanism of the polymer
films. However, lots of experimental proofs are still missing. Therefore, the last part of this
chapter on the GraftfastTM process aims at (i) demonstrating the existence of radical polymer
chains, (ii) defining the type of grafting involved in this mechanism, (iii) revealing the role of
the primer PNP layer, (iv) proposing a grafting mechanism in accordance with our experimental
results and to finish (v) discussing its variation according to the reducing agent.
V.4.1 -

Evidence of the existence of radical growing polymer chains

As in the previous chapter, the GraftfastTM solutions (NBDT, VC and HEMA in H2O DI)
were investigated by EPR (using MNP as spin-trap).
A typical EPR spectrum is shown in Figure 75a. As previously illustrated, the interpretation
of the hyperfine splittings is a powerful tool to determine the structure of the trapped-radicals.
This EPR spectrum is analogous to the one obtained in IV.2.2.2 (case of the simple reduction of
NBDT by VC) but shows an additional component. The simulation revealed that the spectrum is
composed of a composite pattern: the main component is attributed to aryl radical adducts
(Figure 75b); superimposed on this signal, a spectrum corresponding to a spin-adduct coupled
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with only one nitrogen (with a hyperfine splitting constant of aN = 1.62 mT) is observed. This
latter is assigned to the spin adduct formed by the reaction of PHEMA chain propagation
radicals with MNP (Figure 75c).
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Figure 75 – a) Typical EPR spectrum of MNP adducts obtained in the case of NBDT (1 mM - 1 eq)
reduction by VC (1/10 eq) in the presence of MNP (excess) and HEMA (1.25 eq) and recorded 2 minutes
after the addition of VC; b) and c) decomposed spectra of MNP adducts of respectively aryl radicals and
growing PHEMA chains. The corresponding spin-adducts formula are given on the right.

In order to make sure that the second spin adduct detected corresponds to the spin-trapping
of growing polymer chains, we followed the effect of the introduction of MNP on the PHEMA
grafting by IR-ATR. In comparison to typical GraftfastTM experiments (blue line in Figure 76), a
drop in the νC=O IR intensity of 94 % is registered when the spin-trap is present in solution
(green line in Figure 76). This result proves that the polymerization of HEMA occurs through a
radical mechanism. Therefore, it is likely that the second 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 excess of the
MNP spin-trap (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMA 15 eq, 60 min).

The spin-trapping technique cannot give any information on the polymer degree of
polymerization (DP). Indeed, whatever its value, the signal of the spin-adduct remains identical
since only a nitrogen coupling is involved. Moreover, as we believe that the radical polymer
chains formed in solution react very quickly with the MNP spin-trap preventing them to react
with HEMA moieties and so to grow, DP are probably smaller than in a solution free of the
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MNP spin-trap (conditions of normal GraftfastTM reaction). Nevertheless, the existence of aryl
radicals and growing polymer chains during the GraftfastTM process is demonstrated.
Various HEMA concentrations were tested and the reactions followed by EPR. As two
different spin-adducts were identified, we studied the evolution of their concentrations
separately. Numerical simulations were employed for all spectra in order to determine the
concentration of each spin-adduct: MNP adducts of nitrophenyl 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) nitrophenyl radicals and b) radical growing
polymer chains with time in case of the reaction of MNP (excess), NBDT (1 mM - 1 eq) and VC
(1/10 eq) and the following ratios [HEMA]/[NBDT] 1.25 (■), 5 (●), 15 (▲).

First of all, for some spectra shown in panels a) and b) in Figure 77, we observed a decrease
in the concentration of the spin-adducts. As explained in IV.2.2.2, this can only be relevant to
the spin-adduct reactivity so we will not go into quantitative interpretations. Indeed, nitroxide
compounds are sensitive to carbonated radicals, which in this case could be the growing
polymer chains or aryl radicals, to form alkoxyamines8, 9. All the reactions identified as likely to
occur in this case are represented on Scheme 65.
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Scheme 65 – Representation of all the reactions identified as likely to occur during the GraftfastTM
reaction (with NBDT, a reducing agent and HEMA) in presence of a MNP spin-trap. ER is an
abbreviation for ending reactions, ST for spin-trapping and SAD for spin-adduct degradation.

Back to Figure 77, it seems that when the concentration of HEMA in the starting solution
increased, less MNP adducts of aryl radicals were formed (degradation due to the reaction with
growing polymer chains, see Scheme 65) and more MNP adducts of growing polymer chains
were detected (degradation could also occur but globally there is an increase). This is in
accordance with the assumed initiation of the HEMA polymerization by aryl radicals and an
increase of the polymerization speed with the HEMA concentration. Indeed, the aryl radicals
participating in the HEMA polymerization initiation cannot be spin-trapped (they do not
contribute to the aryl radicals MNP adducts signal whereas the growing polymer chains initiated
by those radicals can be spin-trapped and detected).
Over 40 min, the spin adducts concentrations seemed to reach constant values meaning
either that they became stable and no more species are formed, or that their degradation exactly
compensates their production. This phenomenon could be due to the fact that after 40 min, a lot
less diazonium salt is reduced by ascorbic acid leading to the formation of less growing polymer
chains, that is to say less species able to damage the spin-adducts.
Finally, the whole behavior of the curves obtained for [HEMA]/[NBDT] = 1.25 is difficult to
explain. We assumed this is strongly related to the quantity of reactions involved in the process
described in Scheme 65 and also to the relative rates of the reactions. However, the reason why
less and less MNP adducts of growing polymer chains are observed after 20 min whereas more
MNP adducts of aryl radicals are detected remains unclear.
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A surface-solution comparison shows that the tendency highlighted by surface analyses is
corroborated and finds explanation in this EPR study. Indeed, the surface analyses of the
grafting of PHEMA films on gold substrates through the GraftfastTM process revealed the
existence of a critical HEMA concentration value from which the PHEMA film thickness
reaches a maximum (cf V.3.1.2). This result is confirmed by the following observation from
EPR experiments: the more HEMA is introduced in solution, the more growing polymer chains
are formed. Moreover, according to EPR measurements, for times longer than 40 min, only
negligible amounts of growing polymer chains are formed. This result validates the observations
made in V.3.2 indicating that the maximum thickness of film 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 methods of polymer brushes can be split in two
types: (i) “grafting to” methods (moieties from the solution will graft onto the surface) and (ii)
“grafting from” methods (in which the grafting proceeds by polymerization from the surface).
The kind of grafting involved in the GraftfastTM process should therefore be determined.
In general, “grafting from” techniques require a first chemical step to immobilize
polymerization initiators on the surface of the materials. However, cathodic electrografting is an
exception since it is a “grafting from” technique with no preliminary step. Indeed, in this case,
due to a cathodic potential, there is direct reduction of the monomer in an anionic radical which
can graft on the surface and propagate the anionic active centre of polymerization.
Concerning the GraftfastTM process, initiators (aryl radicals) are formed in solution and no
external energy is brought to the system to perform a direct reduction of the monomer.
Therefore, it is likely that the GraftfastTM process occurs via a “grafting to” pathway. This
hypothesis is in agreement with the detection of growing or terminated polymer chains by EPR
and SEC. In order to verify this assumption, rotating disk electrode experiments were
performed. Indeed, by this technique, Viel et al.10 demonstrated that cathodic electrografting
was a “grafting from” process. Since uniformly grafted polymer films were observed on the
electrode even when rotating, they concluded that the film was growing from the surface. In the
case of a “grafting to”, chains formed in solution are likely not to be able to access the surface
and graft when the electrode is rotating.
A typical GraftfastTM experiment was carried out using a gold rotating disk electrode
(non-connected to a potentiostat) as substrate. Since the disk is only 2 mm in diameter, it was
only analysed by XPS (Figure 78). When the substrate is immobile, a PHEMA film with the
same characteristics as those obtained on flat gold substrates is formed. However, when it is
rotating, the XPS area of the carboxylate (COO) band attributed to the PHEMA is divided by
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three. According to the N 1s XPS spectra (not presented here), similar amounts of nitrophenyl
groups are present on the gold disk whatever the rotation speed of the substrate. These results
strongly suggest that the grafting of the polymer chains proceed via a “grafting to” in the
GraftfastTM experiments. Remaining nitrophenyl groups and polymer on the surface of the
rotating substrate could be attributed to the size of the grafted molecules. Indeed, the smaller the
compounds, the more they can access the substrate even when it rotates.
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Figure 78 – C 1s core level spectra of rotating electrode gold disks grafted by GraftfastTM at a rotation
speed of 0 and 1000 rpm (NBDT 0.046 M (1 eq), VC 1/10 eq, HEMA 15 eq, H2O DI, 60 min).

V.4.3 -

Importance of the PNP primer-layer

According to the very special structure of GraftfastTM films (rich in nitrophenyl groups at the
interface film-substrate), it seems that the PNP layer plays an essential role in the grafting of the
polymer chains on the substrate.
For once, the grafting experiment was performed in two steps: a first step consisting in the
formation of a PNP layer and a second in which growing radical polymer chains was formed.
More precisely, in the first step, a thick PNP film was synthesized in order to completely cover
the gold surface. In the second step, iron powder was added to an acidic solution (HCl 0.5 M)
containing only the HEMA monomer in order to start a radical polymerization. No diazonium
salt (source of nitrophenyl groups) was present. According to the value of the Fe2+/Fe redox
potential (E° = -0.44 V), iron powder (unlike ascorbic acid) can reduce protons in solution
which forms hydrogen radicals able to initiate the polymerization of the vinylic monomer. In
order to evaluate the influence of the PNP primer-layer, the grafting of Sample 1 (achieved after
the succession of those two steps) will be compared to the grafting obtained only after the
second reaction on a bare gold substrate (Sample 2). The results are reported in Table 23.
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Table 23 – IR intensity of the νC=O (1730 cm-1) and νsNO2 (1350 cm-1) bands after a 1st step leading to a
thick PNP layer and a 2nd step for the PHEMA grafting (Iron 2 g, HEMA 4.8 mL, HCl 0.5 M 50.2 mL).
Sample 1

Sample 2

νC=O

νsNO2

1st step

-

2.92 %

2nd step

10.14 %

3.1 %

νC=O

νsNO2

0.64 %

-

According to the νsNO2 IR intensity value of sample 1 after the first step, it is obvious that a
PNP layer was grafted on the gold plate. Then, after the second step the IR spectrum of the
same sample exhibits a characteristic major absorption band at 1730 cm-1 related to the PHEMA
carbonyl group. XPS and contact angle analyses (not presented here) also clearly indicate that a
PHEMA film was grafted on the substrate. These results attest that the HEMA radical
polymerization was effectively initiated by H●. However, on sample 2, almost no grafting of
PHEMA is observed. It seems that growing radical oligomers formed in solution could not
attach on the bare substrate. Therefore, although in the GraftfastTM process aryl radicals and
growing radical chains are formed simultaneously in solution, the latter only grafted on the
substrate when a primer PNP-layer is already present on the gold surface. This is supported by
already described reactivity of alkyl radicals towards polycondensed aromatic rings11 and it
explains why final films are very similar to the ones obtained via the electroinduced process
(SEEP). Moreover those results validate the hypothesis originally given by Mévellec et al.1 i.e.
the presence of nitrophenyl groups already grafted on the surface is essential in the GraftfastTM
process and confirm that the GraftfastTM process follows a “grafting to” pathway.
V.4.4 -

Conclusion on the grafting mechanism of GraftfastTM with VC

From all the results presented in this chapter, a grafting mechanism of PHEMA on gold
substrate by the GraftfastTM process using VC as reducing agent can be proposed and is
described in Scheme 66. It is important to underline that this is a simplified mechanism
representing the main reactions leading to the construction of the films. Side reactions
responsible for the presence of amino or azo groups in the films were voluntarily discarded in
this scheme for sake of clarity, but are detailed respectively in III.3.1.2 and III.3.1.3.
Originally proposed by Mévellec et al1, the mechanism of the GraftfastTM process relies on a
key step which is the formation of aryl radicals (Scheme 66i) from the VC-induced reduction of
the diazonium salt in solution (widely detailed in chapter IV). Indeed, those radicals have a
double role. They can graft onto the substrate and form a primer-layer (rich in aromatic rings)
essential for the subsequent grafting of polymer chains (Scheme 66ii); meanwhile they initiate
the radical polymerization of the vinylic monomer in solution (Scheme 66iii). Finally, the
growing radical polymer chains eventually graft by a “grafting to” pathway on the aromatic
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rings present on the surface (Scheme 66iv) to form a grafted polymer films on the gold
substrate.
The reason why the grafting of polymer varies according to experimental conditions is likely
to be linked to the chemical reduction reaction (Scheme 66i). Indeed, this reaction forms the
essential aryl radicals but, as mentioned in chapter IV, it is very sensitive to various parameters
including the pH of the solution and, in the case of the reaction working with VC, to the ratio
[VC]/[NBDT].
2
NO

NO

2

NO2

N2

NO2

(i)

.

Ascorbic
Acid

NO2

(iv)

NO2

(ii)

NO2

2

NO

2

NO2

NO

NO 2

2

NO

2

N

NO2

O2

2

NO

NO

2

NO2

2

NO2

NO

NO

+

.

NO2

(iii)

NO2

NO 2

NO 2

2

2
NO

NO

NO

2

2
NO

NO

2

TM

Scheme 66 – Simplified grafting mechanism of PHEMA onto gold substrate by the Graftfast
using ascorbic acid as reducing agent.

V.4.5 -

process

Is there any variation in mechanism with other reducing agents?

As the first step of the mechanism is essential in the grafting, it is likely that according to the
reducing agent used, variations in the grafting mechanism can occur. Therefore, the case of
H3PO2 and iron powder were quickly investigated.
V.4.5.1 - With H3PO2
Concerning the use of hypophosphorous acid for the reduction of diazonium salts, it was
shown that H2PO2- is likely to be the effective reducing agent (see IV.1.3.1). The reduction
occurs through an outer-sphere electron transfer pathway which constitutes the first difference
in mechanism in comparison to ascorbic acid. This chemical reduction produces aryl radicals
but also H2PO2•. According to the Warson’s work (presented in V.1), this compound could be
responsible for the initiation of the polymerization of the vinylic monomer which would make a
second difference with the mechanism observed when using ascorbic acid. Thus phosphoruscontaining moieties should then be present in the final grafted film.
To confirm this hypothesis, a PHEMA film synthesized by the H3PO2-induced GraftfastTM
process was characterized by XPS. The C 1s and N 1s XPS core level spectra (Figure 79)
confirm the grafting of a PHEMA layer with features from nitrophenyl groups. By looking in
details at the P 1s region, no specific signal is detected. Although XPS is only sensitive from
1 at.%, these results indicate clearly that no phosphorus atom is present in the film. Hence, the
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direct initiation of the vinylic polymerization by H2PO2● could only be a side-reaction. Thus, it
is likely that, contrary to the mechanism proposed in 1967 by Warson, aryl radicals are
responsible for the initiation of the radical polymerization of HEMA in solution. Therefore,
except for the reduction mechanism pathway, the grafting mechanism of the VC or
H3PO2-induced GraftfastTM process are very similar.
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Figure 79 – C 1s, N 1s and P 2p XPS core level spectra of a typical H3PO2-induced GraftfastTM PHEMA
film on a gold plate (NBDT 0.046 M (1 eq), H3PO2, HEMA 25 eq, H2O DI, 60 min).

V.4.5.2 - With iron powder
When using iron powder as reducing agent, important variations in terms of grafting were
observed according to the acidity of the solution. Results presented in Table 24 indicate clearly
that the grafting reaction is favored in acidic medium in that case. Two reasons may explain that
behaviour: (i) in acidic medium, the surface of the iron particles is constantly renewed by
dissolution of the iron oxides formed upon the reduction of the diazonium salt or the protons;
(ii) a variation in the grafting mechanism with the pH could occur.
Table 24 – IR intensity of the νC=O band of PHEMA films obtained by the Fe-induced GraftfastTM process
(NBDT 0.046 M (1 eq), Iron 2 g, HEMA 25 eq, HCl 0.5 M or H2O DI 47 mL, 60 min - non-optimized
conditions).

I νC=O (%)

HCl 0.5 M

H2O DI

19.3

0.46
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Indeed, on the one hand, as for the H3PO2-induced GraftfastTM process, the chemical
reduction of diazonium salts with iron powder occurs via an outer-sphere electron transfer
mechanism. On the other hand, unlike the process using H3PO2, the grafting mechanism of the
iron-induced GraftfastTM process possibly varies from the one proposed when using VC.
As demonstrated in V.4.3, iron powder is suitable to reduce protons in acidic solution which
leads to the formation of hydrogen radicals able to initiate the polymerization of a vinylic
monomer. Such reaction is also supported by the observation of a lot of bubbles during the
reaction, likely to be dihydrogen from the dimerisation of H● in solution. Therefore, an
additional succession of reactions takes place in the grafting mechanism of the GraftfastTM
process when using iron (Scheme 67).
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Scheme 67 – Additional reaction involved in the grafting mechanism of PHEMA onto gold substrate by
the GraftfastTM process using iron powder as reducing agent.

This variation in mechanism also induces variations in the composition and structure of the
films as clearly shown in the representation of the grafted films in Scheme 67:
-

First, unlike nitrophenyl terminated chains, hydrogen terminated chains cannot be used
as grafting sites for growing polymer chains. Thus, it is likely that those films are less
dense than PHEMA films obtained with VC. This hypothesis is in agreement with the
fact that, on the contrary to what is observed for VC-induced GraftfastTM process (see
V.2.1), a remaining gold signal is still detected by XPS analysis for films up to 80 nm
thick. Moreover, it could explain why some of the thicknesses and IR absorption values
of PHEMA films obtained with iron powder are not fitting with the line formed by
values obtained with VC on the IR intensity-thickness abacus established in V.2.6.4.
Indeed, for identical IR intensities, PHEMA films synthesized with VC should be thinner
than films obtained with iron powder. As IR intensities are characteristic of the amount
of functional groups in the film, this would mean that iron-induced GraftfastTM PHEMA
films are less dense than VC-induced ones.

-

Second, it is not represented on Scheme 67 but more amino groups are detected in the
films when iron powder is used than when VC is employed. This could be explained by
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the reduction of nitrophenyl groups in primary amine by iron in concentrated HCl
medium12-14.

Summary
The GraftfastTM process is a functionalization method leading to the formation of polymer
films on a priori any type of materials. It has a wide range of applications since it allows
bringing new functionalities to materials surface. Based on the chemical reduction of diazonium
salts, the better understanding of its grafting mechanism has appeared important in order to
control the process.
First of all, the experimental conditions were optimized in the specific case of the grafting of
PHEMA on gold plates using NBDT and VC. It has been demonstrated that, as in the previous
chapter, an excess of diazonium salt over VC was favoring the grafting reaction. Moreover, a
compromise on the monomer concentration (acting on grafting and physorption reactions of
polymer chains) had to be found since almost no grafting was observed when [HEMA] was too
low and a high amount of physisorbed polymer was obtained for high [HEMA] values. Besides,
for unknown reasons, the grafting of PHEMA does not seem to occur at pH lower than 1 with
this reducing agent and it is sensitive to the nature of the acid used. Finally, it has been
confirmed that the thickness of the grafted films could be controlled with the reaction time. By
looking in details to the composition of the films, to their structure but also to the composition
of the reactive solutions, a grafting mechanism (close to the one originally proposed) has been
established. As mentioned in the previous chapter, the reduction of diazonium salt by VC into
aryl radicals occurs through an inner-sphere electron transfer pathway. Then, those radicals can
simultaneously graft onto the substrate to form an essential primer-layer and initiate the radical
polymerization of the vinylic monomer in solution. Finally, the growing radical polymer chains
attach on the aromatic rings present on the substrate to form the grafted polymer film. Using
H3PO2 or iron powder as reducing agent, the reduction mechanism switches from an
inner-sphere to an outer-sphere electron transfer pathway. Moreover in the case of iron, the
mechanism is a bit more complex than with VC or H3PO2 since hydrogen radicals from the
reduction of protons in acidic solutions can also initiate and terminate the polymerization of the
vinylic monomer.
The understanding of the GraftfastTM mechanism makes easier its application to various
systems. However, it is likely that a variation in diazonium salt - reducing agent - solvent substrate - polymer system from the one studied in this chapter will require a specific
optimization of the experimental parameters. With those adaptations, the process is very
powerful tool for the synthesis of surface functionalized materials. Particularly, the
functionalization of TiO2 nanoparticles with a final view to improve their integration in various
environments will be investigated in the last chapter.
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Chapter VI – Functionalization of Ti-based nanoparticles for their integration in sunscreen products

The development of a nano-object associating a novel Ti-based core, filtering both UVA and
UVB radiation, with a shell bearing active functions would constitute an important
breakthrough in the cosmetic field in comparison to products already present on the market of
solar products. The synthesis of such a nanohybrid material is a real challenge and opportunity
for the development of a sunscreena since:
(i) Unlike all the others products on the market, it would be efficient in both the UVA and
UVB domains without addition of any chemical additives (thanks to the properties of
the mineral core);
(ii) It would be stable, well dispersed in the matrix, environment friendly and bring
additional and original functions (thanks to a designated organic grafting of the mineral
nanoparticles).
The elaboration of a suitable Ti-based mineral UV filter will not be experimentally
investigated here. Indeed, the synthesis of nanoparticles is the core research interest of our
partner: the “nanometric structures” group (CEA\IRAMIS\SPAM\LFP). This chapter reports a
preliminary study consisting in evaluating the feasibility of a polymer grafting on TiO2
nanoparticles. On the contrary of physisorption layers, a shell covalently grafted on the mineral
core is more likely suitable for such applications since no release of undesired active species
towards the living cells is expected. The GraftfastTM process has therefore appeared to be a
convenient method for the elaboration of such polymer core-shell on TiO2 nanoparticles. We
will first present the context of the project and the scientific issues encountered for the
development of new sunscreen products. We will show that TiO2 and Ti-based nanoparticles
synthesized by laser pyrolysis are good candidates for such applications. Then, we will present
the currently core-shell nanoparticles. Finally, we will investigate the feasibility of the grafting
of a biocompatible polymer (PHEMA) by the GraftfastTM process and give the first results on
the stability of the resulting dispersions.

VI.1 - TiO2 and Ti-based nanoparticles in cosmetics
Titanium dioxide is one of the most important inorganic products of the chemical industry.
Its most common crystallographic forms are anatase (metastable product obtained at low
temperatures) and rutile (thermodynamically stable product obtained at high temperatures). The
worldwide interest for TiO2 is due to its exceptional properties. Highly employed for various
applications such as cosmetics1 (particularly the rutile form for its interesting optical properties),
pigment industries2, solar cells3,

4

and catalysis/photocatalysis for organic pollutants

degradation5 (especially the anatase form for its photocatalytic properties), TiO2 has also started
a

Sunscreen is a term describing any material which protects the skin from the effects of ultraviolet
radiation.
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to be used as films for the immobilization of biomolecules6 and as nanoparticles in the field of
hybrid materials7-10.
Among those applications, we will focus in this project on the protection against UV
radiations by integration of titanium dioxide nanoparticles into sunscreens. The reason why it
has become a critical issue in the last few years will be presented. The needs to improve
products already commercialized will be identified and a dual proposition will be made relying
first on improvements in synthesis methods of Ti-based nanoparticles and second on
modification of the surface of the nanoparticles.
VI.1.1 - Issue of sunscreen products
The correlation between solar exposure and the development of skin cancer is well known.
UVB (290 – 320 nm) and UVA (320 – 400 nm) exposure are responsible for biological damage
such as changes in DNA11. Particularly, UVA radiations were found to increase the rate of
melanoma (one type of skin cancer) and they are also at the origin of the production of free
radicals which cause damage to the cells and are responsible for skin ageing and occurrence of
wrinkles. Sunscreen products decrease the penetration of UV radiation in the skin and therefore
DNA damage. Therefore, efficient sunscreen should protect not only against UVB (as do most
of them) but also against UVA. Even if the progression of skin cancer is slowing down, it was
the cause of the death of around 1,400 people and 7,400 new cases of melanoma were detected
in France in 2005 12. UVA rays account for up to 95 % of the UV radiation reaching the Earth’s
surface. Although they are less intense than UVB (Scheme 68), they penetrate further into the
skin than UVB and are present with relative equal intensity during all daylight hours throughout
the year13. However, many sunscreens do not block UVA radiation. Therefore, in addition to
changing habits (including avoiding exposure between noon and 4 pm i.e. when UVB are the
most intense and applying regularly an efficient protection cream), the improvement of the
efficiency of sunscreens for the protection to UVA radiation is a real need and still a challenge.
No protection

UVB-screening
sunscreen

Broad-spectrum
sunscreen

Epidermis
Dermis
Subcutaneous
layer

Scheme 68 – Penetration depth of UVA and UVB in the skin according to the protection used13.
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The formulations of current sunscreens contain two different types of UV filters: mineral
filters (such as titanium dioxide, zinc oxide) and chemical filters (classified either in UVA
filters e.g. benzophenones or UVB filters, e.g. salicylates). The sunscreen products of interest
for this study are composed of TiO2 nanoparticles. Indeed, unlike conventional TiO2 particles
which scatter visible light (sunscreen products containing such particles remain visible as a
white film when applied on the skin), non-aggregated nanoparticles (20 – 50 nm1) scatter very
little visible light and therefore appear transparent which makes them very suitable in the
cosmetic field (Scheme 69).

UV
partially
blocked
(absorption
band)

Lowlight
lightscattering
scattering
Low
(transparent
film)
(transparent film)

UV
partially
blocked
(absorption
band)

Lightscattering
scattering
Light
(white
film)
(white film)

Scheme 69 – Effect of particles size on light scattering14.

Besides, TiO2 is an interesting material for such applications due to its optical properties. As
represented in Scheme 70, it absorbs below 411 nm for titanium dioxide in a rutile phase
(bandgap energy: 3.0 eV) and 384 nm for an anatase phase (bandgap energy: 3.2 eV) i.e. in the
domain of UVB and UVA radiation. Nevertheless, in addition to the fact that the absorption in
the UVA region is only partial concerning anatase, it appears that the absorption coefficient of
UVA by TiO2 nanoparticles is very low whatever the phase. Therefore, in order to get
sunscreens protecting efficiently against UVB (thanks to TiO2) but also UVA, in many cases
chemical products are added in the cream. However, recent studies showed that such chemical
filters can be harmful for the environment (for instance playing an important role in coral
bleaching15) as well as for human health16. In this context, intensive research concerns the
development of different ways to shift the optical gap of TiO2 and Ti-based nanoparticles
towards lower energies (below 3.0 eV) to extend the UV absorption zone of the mineral core to
the visible (described in VI.1.2.2) and to remove the chemical filters used in the commercial
creams.
260

290

Wavelength (nm)
320
400

700

UVC UVB UVA
Rutile
Anatase
Scheme 70 – Absorption of UV and visible light of rutile and anatase phases of TiO2.
215

Chapter VI – Functionalization of Ti-based nanoparticles for their integration in sunscreen products

Cosmetic creams are emulsions combining an organic phase (fatty esters or alcohols,
paraffin oil or triglycerides) and an aqueous phase. Currently used particles, which exhibit
highly hydrophilic surfaces, tend to concentrate in the aqueous part of the emulsions, which
plays a significant role in the alteration of the properties of the sunscreen formulation.
Therefore, a second challenge in the development of new UV filters lies in the synthesis of
coated nanoparticles to obtain stable dispersions.
The tailoring of the surface chemistry of nanoparticles seems to be a key parameter in this
context. More stable dispersions are likely to be reached by the synthesis of core-shell
nanoparticles. Particularly a mix of hydrophilic and hydrophobic particles prepared separately
or the synthesis of amphiphilic particles could stabilize the biphasic mixture. Moreover, the
coating step could also be a way to bring additional and original properties to the nanoparticles
such as moisturizers (titanium dioxide nanoparticles, which have high specific surface, induce
dehydration problems), antioxidants (UV radiation causes oxidation reactions) and
restructuring. This could turn out to be very promising since it would lead to sunscreens free of
chemical additives. The coating of the TiO2 nanoparticles could also appear essential since the
main problem of mineral sunscreens is their potential photocatalytic activity. Indeed, the energy
absorbed by the inorganic materials can induce the production of free radicals which in turn
may promote the degradation of other components within the sunscreen formulation. As already
employed in TiO2-based commercial sunscreens, the coating of TiO2 particles by an inert and
passivating shell might be required to limit free radical generation and partially quench the
photocatalytic activity of the mineral filter.
To sum up, in the context of preventing skin cancer, it seems that the development of
organic/inorganic hybrid materials could be a real breakthrough. Properties of such materials
clearly derive from the addition of both parts of the hybrid:
-

The function of the nanoparticles will be the protection of skin against UV-light
(efficient against UVA as well as against UVB),

-

The function of the organic shell, obtained by a proper chemical functionalization, will
be the improvement of the stability of the product, its biocompatibility, even a healthcare
action and potentially the limitation of the photocatalytic activity of the nanoparticles.

Therefore, in the next parts, we will first see the existing synthesis methods for the formation
of TiO2 nanoparticles and particularly how the laser pyrolysis process is likely to play an
important role in the improvement of the UV-filter properties of the Ti-based nanoparticles.
Then, we will deal with the current synthesis methods to obtain core-shell nanoparticles
(especially with polymeric coatings).
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VI.1.2 - TiO2 and Ti-based nanoparticles
To extend the UV protection range of TiO2 and Ti-based nanoparticles, the gap of the
material has to be shifted towards lower energies compared to currently used TiO2 (rutile:
3.0 eV and anatase : 3.2 eV). This is likely to be achieved by changing slightly the composition
of the nanoparticles during their formation. Therefore, prior to describe the possible ways to
shift the band gap of the material, the synthesis methods of TiO2 nanoparticles will be briefly
presented with a strong emphasis on laser pyrolysis (process of interest in the project).
VI.1.2.1 - Synthesis methods
Numerous methods were developed for the synthesis of TiO2 nanoparticles, which can be
classified in chemical or physical methods. Due to the very high number of papers in the field,
only a very succinct presentation will be given here.
For the production of TiO2 materials, liquid phase synthesis methods (co-precipitation17,
solvothermal18 or hydrothermal methods, electrochemical synthesis, sol gel synthesis19, 20) are
efficient and versatile. TiO2 nanoparticles could also be synthesized by high energy ball
milling21. However, all these processes suffer from the same drawback: powders are produced
by batches (whereas methods allowing continuous production are often preferred for industrial
developments).
On the contrary, combustion as well as laser pyrolysis belong to the family of gas phase
methods working in flow meaning that the collection of nanoparticles does not occur in the
reaction zone, which allows continuous production. Combustion has been developed for years
for the synthesis of TiO2 nanoparticles for research22,

23

and is the method used for ton

production of common commercial powders (for example Evonik Degussa P25 from
combustion of TiCl4). Laser pyrolysis has also been used in research laboratories for production
of TiO2 nanoparticles (see for example Maskrot’s work24). Since it is the synthesis method of
the nanoparticles used in this chapter, its principle and advantages will be detailed below.
Laser pyrolysis in more details
As represented on Scheme 71, the laser pyrolysis method is based on the interaction in cross
flow between a high power CO2 laser beam and gaseous or liquid precursors (mainly titanium
tetraisopropoxide TTIP for TiO2 nanoparticle synthesis).
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Collection of the
nanoparticles

Reaction zone

Scheme 71 – Reactive zone in laser pyrolysis process used for the continuous synthesis of TiO2
nanoparticles.

The precursors are introduced in the reactor through a cylindrical nozzle and are confined in
a laminar flow by a coaxial flow of neutral gas (when precursors are liquid they are introduced
in the form of aerosol or vapor). The working pressure is constant and regulated through a valve
controlling the pumping system. The pyrolysis reaction occurs with appearance of a flame at the
intersection of the precursor flow and laser beam resulting from resonant energy transfer from
laser to one or several components of the reactant mixture which are dissociated. Nanoparticles
are formed through homogeneous nucleation and grow by collisions. The reaction is confined in
a small volume by argon gas and therefore pollution due to interaction with the reactor cannot
happen in this "wall less" reaction. When leaving the flame, the growth is quenched.
Nanoparticles are collected on porous membranes inserted in the pumping system. The main
drawback of this technique lies in the composition of the reactive mixture of precursors which
has to contain at least one component absorbing the IR radiation of the laser.
Laser pyrolysis is an original synthesis technique for titanium oxide nanoparticles. It appears
as a highly versatile method for the continuous synthesis of extremely pure and small particles
with a narrow size distribution. The variable conditions of reaction (temperature, pressure, flow
rate, composition of the solution of precursors…) are also an advantage as they allow
synthesizing size-controlled nanoparticles with specific and original composition.
VI.1.2.2 - Shift of the optical gap towards lower energy
The most explored idea in order to shift the gap of the TiO2 nanoparticles is to incorporate
heteroatoms such as N25, C26, S27 or F28. Another way is to use suboxide species TiO2-x as
widely described in the literature29. In this very active field, the laser pyrolysis is a very
attractive synthesis method.
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By this method, doped TiO2 nanoparticles are easily obtained in a one-step reaction24, 30 by
simply mixing the precursors containing the dopants with the titanium precursor before the laser
irradiation. For example, Maskrot et al.24 presented the synthesis of complex products such as
TiO2 nanoparticles decorated with metallic particles (palladium, platinum and silver) while
Pignon et al.30 demonstrated the insertion of heteroatoms such as N in the structural
organization of the nanoparticles (through the addition of NH3 in the reactive mixture). The
insertion of N allows shifting the gap in the zone of interest for this project25 as represented on
Figure 80 (red and blue spectra) and improves the absorption coefficient of the material as it has

Absorbance (a.u.)

already been demonstrated24, 31.
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Figure 80 – Absorbance spectra of various Ti-based nanoparticles (rutile, anatase, N-doped anatase TiO2
and N-doped TiO) synthesized by laser pyrolysis.

Another possibility to shift the optical gap is to obtain new metastable titanium oxide
phases32. By working at high temperature (high laser power) and in presence of a reducing agent
(NH3 which is also partially incorporated in low amounts in the powder), stable powders
containing a crystalline TiO phase have been synthesized 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 after a 300°C annealing under air. References are
JCPDS: TiO 077-2170, Anatase 021-1272 and Rutile 21-1276.
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This original structure is polluted by carbon coming from the titanium precursor
decomposition. Carbon is removed while maintaining the TiO organization by simple soft
annealing treatment under air. However, as illustrated by the blue spectrum in Figure 81, it can
be noted that the annealing leads to the oxidation of a small part of TiO and that the resulting
powder exhibits a strong shift of absorption towards the visible range (purple spectrum on
Figure 80).
Work is currently in progress to fully understand the detailed process leading to such
material and the origin of the shift observed in the optical gap but also to correlate the evolution
of optical gap with stoichiometry, local organization and crystallization33. However, thanks to
its original structure, TiO-based nanoparticles clearly show an extended absorption range
(corresponding to a large shift of the optical gap of around 1 eV toward the visible range)32
giving thus a full filtering of the UVA and UVB. We have no knowledge of a gap shift as large
as this one in the literature. For comparison, Figure 82 gives the UV absorption profiles of
several commercial products including Optisol™ (claimed as the best TiO2-based filtering on
the market).
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Figure 82 – Absorption profiles of Optisol and other competitor materials34.

The potential health effects/hazards of Optisol in comparison with other commercially
available titanium dioxide nanoparticles were tested by Park et al.11. The authors came to the
same conclusion as those expressed in the Nanoderm Final report35 which states: “…we do not
expect any health effects for the topical application of sunscreens containing TiO2 nanoparticles
(especially when coated) on healthy skin which are related to the particulate state”.
Nevertheless, as deeply discussed in the work of Serpone et al.1, the penetration of TiO2
materials in the skin, their role in the generation of highly oxidizing radicals as well as their
capacity to induce DNA damages have also been widely studied but no clear conclusions was
obtained.
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VI.1.3 - Core-shell nanoparticles
Current commercial sunscreens are mixtures of TiO2 particles coated by an inert shell with a
polymer matrix that contains, in particular, the additives required for UVA screening. Indeed,
the synthesis of an inert capping of the TiO2 nanoparticles has appeared as a major issue
considering the potential photoactivity of the TiOn core (especially photocatalysis for an anatase
TiO2 phase) or a possible bad tolerance of the skin to the material. This core-shell structure
prevents any contact of the TiO2 nanoparticles with the skin making the shell act as a
photoactivity shield. Encapsulation of TiO2 nanoparticles in inorganic substances (especially
SiO2 since silica is biocompatible, has low cost and mild fabrication process) was performed by
well-established processes (for instance polyelectrolytes36 and sol-gel37). For organic/inorganic
nanohybrid structures, it can be obtained by using a two-step method consisting in performing
classical siloxane chemistry followed by typical polymer grafting38, 39.
For other applications than sunscreens, several approaches concerning the direct grafting of
polymer onto TiO2 nanoparticles have been reported in the literature. Such polymer shell could
on its own play a double role: isolate the TiO2 core from the skin to limit the photocatalysis of
the material (replacing SiO2 capping) and be a primer layer for the attachment of additives. For
instance, the radical graft polymerization of vinyl monomers was successfully achieved on the
surface of TiO2 nanoparticles by employing radiation40, high frequency discharge plasma41 or by
introducing trichloroacetyl42, azo42, 43 or peroxyester44 initiating groups in order to initiate the
polymerization. The grafting of TiO2 nanoparticles was also reached using usual polymerization
initiators with a prior grafting of coupling agents on the nanoparticles such as acrylic acid
chloride43, butyltitanate45, phosphorus-containing compounds9,
bonds-terminated silyl products

10, 47, 48

46

or more commonly double

. Most of the cited works focused on the grafting of

methacrylate polymers (in particular poly(methyl methacrylate) PMMA). Few teams dealt with
the grafting of poly(styrene) PS9, 41, 43, 46, poly(ethyleneterephtalate) PET7, 8 or poly(tetraethylene
glycol malonate) PTEGM49 according to the applications of the final nanocomposite. However,
all those polymerization processes, already successfully used for the surface modification of
TiO2 nanoparticles, going from free radical polymerization42,

44, 47

(including controlled ones

such as SI-ATRP50, RAFT43, 51 or NMP46) to in situ polycondensation7, 8 generally involve: a
two-step reaction or long reaction time or heating/cooling or controlled atmosphere or organic
solvents.

VI.2 - Grafting of Ti-based nanoparticles by the GraftfastTM process
To improve stability and control the dispersion of TiO2 nanoparticles in various
environments, the organic modification of the surface of the nanoparticles could be efficient
since it would help preventing aggregation of the particles and improving their affinity for
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solvents. Our proposal here is to rely on a covalent grafting process to functionalize the surface
of the nanoparticles with a stable and robust polymer shell to obtain stable and long living
dispersions which could be used in sunscreen products.
Let us remind that a solar cream is a biphasic emulsion and the UV filter (i.e. the
nanoparticles) must be equally dispersed in the aqueous phase as well as in the oily phase. To
achieve a stable emulsion, it could be necessary to graft hydrophobic functions (e.g. fatty ester)
giving the dispersion in the oily phase as well as hydrophilic functions (e.g. polyol) giving the
dispersion in aqueous phase.
The use of the GraftfastTM process seems suitable for such purpose. Indeed, it is wet
chemistry and an environment friendly process. It has already been successfully applied to
various nano-objects such as carbon nanotubes and it also allows the grafting of polymer
mixtures and copolymers which is convenient for multiple functionalizations of the
nanoparticles.
As mainly investigated and employed on flat substrates, various improvements for the
grafting of Ti-based nanoparticles will however have to be brought to this process particularly
regarding the individual functionalization of the particles and their purification.
First, in this part, we will present a preliminary study aiming at showing the feasibility of the
grafting of Ti-based nanoparticles by a polymer. This work will be mainly performed using
N-doped anatase TiO2 nanoparticles synthesized by laser pyrolysis of 9.6 ± 3 nm in diameter
(size measured by XRD)b. Although those nanoparticles have potentially a photocatalytic
activity, no inert shell will be synthesized prior to the polymer grafting. Indeed, we believe that
the grafted polymer could play the same role as this inert shell i.e. preventing any contact
between the nanoparticles and the skin cells. The grafting of poly(hydroxyethyl)methacrylate
(PHEMA) onto those nanoparticles will be investigated since from previous studies we have a
deep understanding of the grafting of this polymer by the GraftfastTM process. Moreover, it is
biocompatible and it is likely to keep the hydrophilicity of the nanoparticles.
Second, the efficiency of the polymer grafting to insure good dispersion and stability of
nanoparticles in water will be tested.

b

Adjustments of the experimental parameters of the grafting were initially performed on
commercially available TiO2 nanopowder Evonik Degussa P25 (80 % anatase and 20 % rutile) with a
mean diameter of 25 nm. TEM images of those nanoparticles will be presented since the corresponding
characterisations on the N-doped Ti-based nanoparticles have not been made yet.
Even if N-doped TiO is the final material of interest in this study, tests on the feasibility of the
grafting were carried out on N-doped TiO2 nanoparticles since it is an abundant material. The grafting of
N-doped TiO nanoparticles was also achieved but will not be presented here since preliminary results are
similar than those on N-doped TiO2 nanoparticles but these powders have not been yet fully
characterized.
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VI.2.1 - PHEMA grafting on N-doped TiO2 nanoparticles
Similarly to experiments performed on planar substrates, the concentrations in the various
reactants were: [NBDT] = 0.046 M (1 eq), [VC] 1/10 eq, [HEMA] 15 eq. Typically, we worked
on TiO2 dispersions of 0.8 mg/mL (with a final solution volume of 10 mL). However, to be
suitable for the grafting on nanoparticles, the process required some adjustments.
First, ultrasonication (US) was used to maintain a good dispersion and avoid aggregation of
the nanoparticles both before and during the reaction. On the contrary of the observations of
Pinson and coll.52 regarding the grafting of diamond nanoparticles in neutral or acidic media
using US, we found that, in our case, US was not contributing to the grafting process. Therefore,
we concluded that only the typical parameters of the GraftfastTM synthesis (reducing agent,
solvent, reaction time, concentrations…) could influence the reaction.
Unlike planar substrates, nanoparticles could not be easily removed from the solution after
the desired reaction time. Therefore, another modification when compared to the classical
reaction lied in the method for stopping the reaction, for purifying and collecting the
nanoparticles of the GraftfastTM reaction. Indeed, in this modified protocol, a volume of ethanol
corresponding to at least the initial volume of the reactive solution was added to stop the
reaction. The suspension was then washed by a few centrifugation – redispersion cycles
(3000 rpm for 20 min) first with ethanol to remove free polymer chains and unreacted
monomer, then with dimethyl formamide (DMF) to remove the ungrafted polyphenylene
moieties and finally with water to eliminate DMF. Afterwards, the solvent was eliminated and
the TiO2 nanoparticles treated with the GraftfastTM process were either dried in air for a few
hours or redispersed in a solvent according to the characterization aimed. Since the particles
were rinsed by US in good solvents of the polymer, the remaining polymer at the surface of the
nanoparticles is considered to be strongly grafted.
To evaluate the feasibility of the grafting of PHEMA on N-doped TiO2 nanoparticles, the
coating, the composition and the chemical structure of the nanoparticles were investigated.
Thanks to the determination of the amount of PHEMA on the grafted nanoparticles as well as an
estimation of the polymerization degree of the grafted polymer chains, the surface coverage of
polymer on the nanoparticles was estimated. Finally, the influence of the grafting on the
morphology of the nanoparticles was examined.
VI.2.1.1 - Characterizations of the core-shell nanoparticles
The N-doped TiO2 nanoparticles (blue spectrum in Figure 80) grafted with PHEMA by the
GraftfastTM process were first studied by infrared spectroscopy. Their IR spectrum is compared
to the corresponding untreated TiO2 nanoparticles (N-doped TiO2) in Figure 83. The untreated
N-doped TiO2 nanoparticles only absorb at 3340 cm-1 (which corresponds to the stretching
vibration of the surface hydroxyl groups or the absorption of water), at 1640 cm-1 (zoom in
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Figure 83) which can be attributed to the bending vibration of the H-O-H bonds of adsorbed
water and show a strong and broad peak in the 800-600 cm-1 region corresponding to the lattice
vibrations of TiO2 nanoparticles50. In the grafted N-doped TiO2 product (GF- N-doped TiO2), a
new peak at 1717 cm-1 appears. It is due to the stretching vibration of C=O groups contained in
the polymer indicating the presence of grafted PHEMA onto TiO2 nanoparticles. Moreover in
accordance

with

the

mechanism widely

discussed

in

the

previous

chapter,

the

GF- N-doped TiO2 spectrum (magnification in the 1000-2000 cm-1 region in Figure 83) also
exhibits two weak absorption bands at 1525 and 1350 cm-1 which are attributed to, respectively,
the asymmetric and symmetric stretching of aryl-NO2 groups, characteristic of nitrobenzene
moieties. However, the weak peak at 1600 cm-1 typical of the presence of phenyl groups cannot
be clearly identified. Only a shoulder in the peak at 1640 cm-1 (absorption of the TiO2
nanoparticles) is observed.
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Figure 83 – IR spectrum of the PHEMA grafted N-doped TiO2 nanoparticles (GF- N-doped TiO2)
compared to the corresponding untreated nanoparticles with a zoom in the 1000-2000 cm-1 region.

The IR comparison in Figure 84 shows a good correspondence between the new bands
present in the GF-N-doped TiO2 spectrum and the characteristic bands of a commercial
PHEMA particularly at 1720 cm-1 (stretching vibration of C=O groups) which confirms the
grafting of PHEMA onto TiO2 nanoparticles.
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Figure 84 – IR spectrum of the PHEMA grafted N-doped TiO2 nanoparticles compared to commercial
PHEMA (20000 g/mol).
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XPS analyses were also carried out in order to confirm the efficient grafting of PHEMA onto
N-doped TiO2 nanoparticles. First, Figure 85 shows typical survey scans of untreated and
grafted N-doped TiO2 nanoparticles. Unlike the C 1s peak (centred at 285 eV), the main Ti 2p
and O 1s peaks (centred at respectively 459 and 530 eV) are attenuated in the spectra of the
grafted nanoparticles, with respect to the pristine ones. 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 PHEMA grafted N-doped TiO2, respectively
noted N-doped TiO2 and GF- N-doped TiO2.

To investigate the chemical composition of the coating, XPS analyses in the C 1s region
were performed. A typical C 1s core level spectrum of untreated N-doped TiO2 nanoparticles
(Figure 86) is composed of three main peaks. The first contribution adjusted at 285.0 eV
corresponds to C-C/C-H bonds. The peak at 286.5 eV is due to -C-O- or/and -C-N- simple
bonds. The last peak at a higher binding energy (288.8 eV) is assigned to carboxylate groups
COO.
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Figure 86 – Typical XPS C 1s core level spectrum of untreated and PHEMA grafted N-doped TiO2,
respectively noted N-doped TiO2 and GF- N-doped TiO2.

All those contributions in the C 1s spectrum are classically observed and attributed to surface
contamination of pristine TiO2 nanoparticles. The C 1s signal of GF- N-doped TiO2
nanoparticles (Figure 86) is different from the one of pristine nanoparticles. The peak-fitting
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parameters of functional groups in the C 1s region are summarized in Table 25. The
contributions of C-O/C-N simple bonds and carboxylate ester groups O-C=O are higher in the
GF- N-doped TiO2 than in the untreated nanoparticles. This is due to the presence of the
characteristic groups in the grafted polymer which confirms the grafting of PHEMA on
N-doped TiO2 nanoparticles.
Table 25 – Contribution (in %) of functional groups to C 1s region from untreated and PHEMA grafted
N-doped TiO2 (respectively noted N-doped TiO2 and GF- N-doped TiO2).
C-C/C-H
(285.0 eV)

C-O/C-N
(286.5 eV)

O-C=O
(288.8 eV)

N-doped TiO2

81

11

8

GF- N-doped TiO2

77

12.7

10.3

The N 1s core level in untreated and grafted TiO2 nanoparticles was also analysed. Figure 87
reveals that both types of nanoparticles contain nitrogen which is not surprising since they were
doped with this element. Unfortunately, the two spectra are very similar. In the pristine
nanoparticles, three peaks at 399.4 eV, 400.3 eV and 401.8 eV are observed and are assigned to
the doping and surface contamination of the nanoparticles. It is very difficult to attribute
accurately those peaks to functional groups in the nanoparticles. However, regarding the
spectrum of the GF- N-doped TiO2, we assume that the observed peaks can be assigned in the
same way as when considering the grafting of polymer films on flat surfaces (see the previous
chapters for more details). Therefore, the first peak at 399.3 eV is likely to correspond to NH2
groups, the second peak at 400.2 eV is assigned to N=N bonds (azo groups) while the third peak
at 401.8 eV is attributed to NH3+. Obviously, the likeliness of the species present on the surface
on both the pristine and grafted nanoparticles (amines, ammoniums) prevents an unambiguous
use of the N1s XPs analysis.
The main difference between those two spectra nevertheless lies in the attenuation in
intensity of the N 1s signal of grafted nanoparticles in comparison to untreated TiO2. Such as for
the Ti 2p and O 1s signals, this phenomenon could be explained by the presence of a coating at
the surface of the grafted nanoparticles. Indeed, due to this shell, the core of the material as well
as its surface would be less probed during the XPS analysis and therefore the N 1s signal would
decrease. Moreover, unlike carbon, only low amounts of nitrogen are brought by the polymer
film (N/C ≈ 2 % in a 35 nm PHEMA film on a planar gold substrate), which possibly do not
compensate the attenuation of the signal due to the coating.
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Figure 87 – Typical XPS N 1s core level spectrum of untreated and PHEMA grafted N-doped TiO2,
respectively noted N-doped TiO2 and GF- N-doped TiO2.

Finally and surprisingly in the grafted nanoparticles, no peak around 406 eV standing for the
presence of NO2 groups from nitrobenzene moieties in the film can be observed in Figure 87.
The absence of NO2 contribution could be explained either by their complete degradation into
amine due to exposure to X-ray irradiation during the XPS analysis (see III.3.1.2) or by an
unclear action of the N-doped TiO2 nanoparticles. Indeed, in parallel to the grafting of the
nanoparticles of interest, other types of Ti-based nanoparticles with various anatase/rutile ratios
were grafted including N-doped TiO nanoparticles and undoped TiO2 nanoparticles. In a general
way, we observed that, in contrast to all the N-doped nanoparticles (Figure 87), the N 1s
spectrum of grafted undoped TiO2 (Figure 88) displays a component at a higher binding energy
(405.9 eV) assigned to nitro groups which clearly demonstrates the presence of an organic shell
grafted onto the TiO2 nanoparticles. Therefore, there is a possible but unexplained involvement
of the nature of the nanoparticles in the reduction of the nitro groups into amines.
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Figure 88 – Typical XPS N 1s core level spectrum of untreated and PHEMA grafted undoped TiO2
(85 % anatase, 15 % rutile), respectively noted TiO2 and GF - TiO2.

To summarize, thanks to IR and XPS analyses, we have demonstrated the successful grafting
of a PHEMA shell on N-doped TiO2 nanoparticles. The analyses have also confirmed that the
composition of the grafted film is very similar to the one obtained for PHEMA films on flat
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surfaces which validates the grafting mechanism proposed. To go further in the study of the
polymeric shell, we will now focus on the estimation of the surface coverage of polymer chains
on the nanoparticles surface.
VI.2.1.2 - Estimation of the surface coverage of the nanoparticles
To evaluate the grafting density of grafted TiO2 nanoparticles, we will combine an
estimation of the degree of polymerization (DP) of the polymer determined from XPS with an
estimation of the amount of polymer grafted on the nanoparticles.
For the estimation of the DP of the grafted polymer, we used the technique based on XPS
data described in V.2.7.2. Typically, the area ratio between carbonyl groups from the polymer
and amino/nitro groups from the aryl moieties leads to an estimation of the DP of the polymer.
As previously mentioned, the XPS spectrum of N-doped TiO2 nanoparticles does not display the
characteristic component of NO2 groups. Therefore, undoped TiO2 nanoparticles were used for
this study. However, since the pristine nanoparticles already show a large peak at the same
energy as amino groups (Figure 88), we only took into account the area of nitro groups in the
calculation. Therefore, it is very likely that we overestimated the DP value. The observed XPS
carbon-nitrogen ratio, i.e. (C=O)/(NO2), allowed us to estimate a degree of polymerization of
grafted PHEMA chains of 38 ± 20 units.
Then, thermogravimetric analysis was used to estimate the amount of polymer grafted on the
undoped TiO2 nanoparticles surface. Figure 89 shows that the polymer starts to decompose at
250°C and is completely decomposed around 500°Cc. The observed weight loss from 200 to
500 °C indicates that the grafted polymer represents 4.06 wt.% of the GF-TiO2 nanoparticles
total weight. From this result, the number of repeating structural units composing PHEMA on
the surface of TiO2 nanoparticles can be estimated. Disregarding nitrophenyl moieties
composing the coating, assuming that TiO2 nanoparticles are individual, that the weight loss can
entirely be attributed to the degradation of the polymer and considering that TiO2 nanoparticles
have a density of 3.9 g/cm3, we calculated that the TiO2 nanoparticles are covered by
1.5 ± 0.4 units/nm2 in average. However, in this calculation, we also did not take into account
the aggregation of the nanoparticles which could provide a higher value. To conclude, TGA
gives an average coverage ratio of 1 to 2 HEMA units per nm2.

c

The data are only given from 200 °C since at lower temperatures the weight of the sample
fluctuates. These variations, always reported when using this TGA apparatus, come from the introduction
of the argon flow in the system which leads to buoyancy on the sample and occur until equilibrium is
established.
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Figure 89 – TGA of pristine and PHEMA grafted (GF-TiO2) TiO2 nanoparticles (85/15 anatase/rutile).

This result is in agreement with the low grafting density of polymer chains already indicated
by XPS from the attenuation (but not complete extinction) of the Ti 2p signal in the survey
scans of grafted nanoparticles (Figure 85) as well as the estimated polymer length of
38 ± 20 units. Combined together, the two estimations detailed above indicate that there are
approximately 1.5/38 = 0.04 polymer chains composed of ca. 38 monomer units per square
nanometer grafted at the surface of the undoped TiO2 nanoparticlesd. Therefore we showed
evidence that the polymer is not grafted at full surface density on the nanoparticle.
VI.2.1.3 - Morphology of the grafted nanoparticles
Finally using TEM, we tried to observe the grafted polymer around the nanoparticles. The
comparison between untreated P25 TiO2 nanoparticles (Figure 90a) and the corresponding
grafted nanoparticles (Figure 90b) can neither demonstrate the presence of the polymer grafting
around the nanoparticles nor lead to a conclusion on the effect of the grafting on the prevention
of the nanoparticles aggregation. Thus, we decided to negatively stain the TEM grid containing
the PHEMA grafted P25 TiO2 nanoparticles to enhance electron contrast between the polymer
and the nanoparticles. The result of the staining is shown in Figure 90c. The dark grey areas
correspond to the polymer which coats the nanoparticles. Therefore, these TEM pictures
demonstrate that the polymer was successfully grafted onto the TiO2 nanoparticles. It also
shows that the morphology of the nanoparticles remains relatively unchanged after grafting.
a)

c)

b)

50 nm

50 nm

50 nm

Figure 90 – TEM images of a) untreated P25 TiO2 nanoparticles b) PHEMA grafted P25 TiO2
nanoparticles and c) PHEMA grafted P25 TiO2 nanoparticles negatively stained with uranyl acetate.
d

Considering the approximations made, this value is likely to be overestimated.
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VI.2.2 - First test on the stability of the TiO2 dispersion
The primary purpose of the grafting of the nanoparticles is to enhance the stability of their
dispersion in their environment of use. Therefore, the first test consisted in evaluating the effect
of the PHEMA grafting on the stability in water of a dispersion of grafted N-doped TiO2
nanoparticles. This experiment was performed using a turbidimeter. The measurements of the
intensity of the transmitted light over the entire height of the flask containing the nanoparticles
suspension with time give information on the stability of the dispersion.
The turbidimetry graphs recorded for two days in the case of dispersions in water of pristine
and PHEMA-grafted N-doped TiO2 nanoparticles (4 mg/mL) are reported in Figure 91.
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Figure 91 – Turbidimetry scans for untreated and PHEMA grafted N-doped TiO2 (a scan every 2 min in
the first half hour and then a scan every 30 min for 2 days; only one in two scans are displayed for the
sake of clarity; start scan: purple and end scan: red).
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Concerning ungrafted nanoparticles (N-doped TiO2), we observed a faster increase of the
light transmission at the top of the flask than at the bottom over the two days of analysis. This is
classical of the sedimentation of TiO2 nanoparticles from the top towards the bottom of the
flask. Therefore, the suspension of pristine N-doped TiO2 nanoparticles is not stable at all over
the two days of analysis. We believe that if carrying out the analysis for a longer time, we
should reach a transmission close to 100 % everywhere in the sample. Regarding the
PHEMA-grafted nanoparticles, the behaviour is very different. The transmission increased
homogeneously and constantly along the flask (except at the bottom where the transmission is
always higher than in the rest of the suspensione). After two days, the transmission seemed to
reach a stable maximum of transmission (80 % in the middle of the flask). The reason why all
the transmission values are higher in this case than for the pristine nanoparticles will be
explained further.
In order to compare precisely the two samples, data giving the evolution with time of the
transmission at three different heights of the flask were extracted (Figure 92).
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Figure 92 – Transmission of the suspension in water (4 mg/mL) of untreated (dashed lines) and PHEMA
grafted N-doped TiO2 nanoparticles as function of time and the position of the measurement in the sample
(bottom: blue lines, middle: green lines and top: purple lines).

First of all, from the three curves represented in dashed on Figure 92, the phenomenon of
sedimentation from the top to the bottom of the flask as well as the instability of the suspension
of pristine N-doped TiO2 nanoparticles are obvious. Contrary to this dispersion, we clearly
noticed that, whatever the analysed part in the sample, the suspension containing the grafted
nanoparticles evolves rapidly in the first 5 min of analysis and then very slowly after, reaching a
quasi-stable transmission value. Therefore, we believe that if we could decrease the
concentration in nanoparticles down to the one remaining after the two days of analysis, we

e

The transmission intensity values over 100 % in the case of the grafted nanoparticles, at the end of
the measurement at the bottom of the flask, remain unexplained.
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would obtain a more stable suspension with time. However, if the transmission values of the
GF- N-doped TiO2 suspension are already fairly stable with time (increase of 30 % transmission
in the middle of the flask instead of 70 % for N-doped TiO2), they are always higher than for the
suspension of pristine nanoparticles. We assume that this phenomenon is not related to the
stability of the suspensions and could be explained by the following reasons:
-

A possible difference in TiO2 nanoparticles concentration between the two samples.
Indeed, the untreated and grafted nanoparticles were dispersed at 4 mg/mL in water.
However, the mass of polymer grafted nanoparticles is higher than for the pristine ones.
Therefore, it is likely that less TiO2 nanoparticles are present in the suspension of grafted
nanoparticles, hence a higher initial transmission value.

-

An effect of the agglomeration of the nanoparticles. As represented on Scheme 69, the
more agglomerated the nanoparticles or the bigger, the more they scatter light.
Therefore, the less they transmit it. Thus, if the pristine nanoparticles are initially more
agglomerated than the grafted ones, they should transmit less light.

-

An effect of the polymer shell. TiO2 nanoparticles are already highly hydrophilic due to
their important amount of OH groups on their surface. It is likely that the polymer
grafting masks those functional groups and do not bring a sufficient amount of
hydrophilic groups to compensate this coverage. Moreover, the GraftfastTM process does
not lead to the grafting of homopolymers but of statistical copolymers containing the
monomer and aryl groups. It is worth noting that this behaviour might have an effect on
the hydrophilic/hydrophobic properties of the polymer grafts. Particularly, some aryl
groups are terminating the polymer chains and therefore are potentially located at the
surface of the nanoparticles.

To summarize, it seems that the PHEMA grafting on the nanoparticles has improved the
stability of their dispersion in water. We assume that a more stable dispersion could be obtained
by optimizing the thickness of the polymeric shell and by using lower concentrations in
nanoparticles.

Summary
By this preliminary work (recently published53), we have demonstrated the efficiency of the
organic modification by a simple “green process” of TiO2 nanoparticles with interesting optical
properties (including N-doped TiO2 and N-doped TiO nanoparticles, displaying an extended
absorption towards visible light). We have characterized the grafted polymer in terms of
chemical composition, confirmed the grafting mechanism proposed in the previous chapter,
evaluated the surface coverage of the nanoparticles (0.04 polymer chains of 38 units per nm2)
and showed that this method does not change the morphology of the nanoparticles. We finally
presented the first test on the stability of the dispersion of the grafted nanoparticles in water
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showing that an enhanced stability of the nanoparticles suspension due to the PHEMA grafting.
However some work still needs to be done to improve this parameter.
To go further in a potential use of those grafted nanoparticles in sunscreens, the reactivity of
these nanopowders will have to be studied particularly their photocatalytic activity. An
important step will also consist in the co-grafting with two (or more) different kinds of polymers
with different hydrophilic properties to insert the nanoparticles in solar creams (biphasic
emulsion). The polymers composing the shell remain to be fully determined according to the
precise environment in which the nanoparticles will be dispersed as well as the nature of the
active molecules to be attached on the nanoparticles.
This surface modification process opens the way for a large number of applications requiring
polymer grafted TiO2 nanoparticles or other type of nano-objects. Particularly, the final TiO2
innovative product could certainly be developed in much larger fields than cosmetics: glass UV
filter, photovoltaics... Indeed, in the field of energy, photovoltaic cells based on TiO2
nanoparticles with an increased specific surface area and extended absorption zone obtained by
a low cost approach could compete with the products currently used.
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Conclusion

We have just described a recently developed chemical anchoring process induced by
diazonium salts for the functionalization of any type of surfaces by organic layers and
particularly polymer films. The aim of this work was to study the different parameters of this
aqueous process as well as the structure of the films in order to propose a grafting mechanism
according to the composition of the solution (i.e. in presence or absence of a reducing agent and
with or without a vinylic monomer in solution). We have also evaluated the feasibility of its
application for the functionalization of TiO2 nanoparticles with a view to use them in sunscreen
products.
We have highlighted the industrial interests for surface functionalization by organic coatings
and we have emphasized the role of diazonium salts as a coupling agent in the improvement of
some processes leading to the formation of polymer films (cathodic electrografting,
surface-initiated polymerizations, and so on…). In this context, the very versatile approach
(working in ambient conditions, in water and forming strongly grafted and stable organic films)
has proven to overcome some of the limitations generally encountered by competing techniques,
in particular the use of organic solvents.
By using the spontaneous reaction of diazonium salts with some specific substrates, we have
demonstrated the formation of a covalent substrate-film interface bond in a very precise case (on
nickel plates in acetonitrile). Surprisingly, we have also observed the spontaneous grafting of
diazonium salts on gold. The most probable mechanisms have been tested and we have
concluded in favor of the involvement of complementary mechanisms which are the direct
reaction of diazonium cations with the gold surface, as well as a cationic mechanism leading to
the formation of aryl cations able to graft on the substrate. However, to date, the mechanism is
still subject to debate in the scientific community.
Then, with a view to obtain thicker polyphenylene films, the introduction of a reducing agent
in solution has been investigated. In this system, we have demonstrated for the first time the
presence of aryl radicals in solution, and thus confirmed the involvement of a redox-induced
process leading to the reduction of diazonium salts into aryl radicals. Similarly to
electrochemical processes, once formed these aryl radicals are able to graft on the substrate and
on already grafted aryl moieties leading to thin polyphenylene films. However, unlike
electrochemical procedures, due to its redox nature, this process can be potentially applied to
any type of materials. Moreover, we have evidenced that contrary to other reducing agents,
ascorbic acid reduces the diazonium salt via an inner-sphere electron transfer mechanism which
explains the peculiar experimental conditions used and notably the choice in the concentration
ratio of reducing agent and diazonium salt.
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In order to access a wider range of organic coatings, a vinylic monomer has been added to
the reactive solution (GraftfastTM process). In addition to a specific concentration of reducing
agent, we have also found that a compromise on the monomer concentration has to be made. We
have managed to confirm the control of the thickness of the grafted films with the reaction time.
Thanks to a dual surface-solution analysis, we have established a very likely “grafting to”
mechanism based on the double role of aryl radicals involving the formation of a primer layer
by their grafting on the substrate (providing the covalent link between the surface and the
polymer chains) as well as the initiation of the polymerization of the vinylic monomer. The
oligomer radical chains in solution can then react on the aromatic rings present on the surface,
their successive addition leading to the thickening of the film. However, some work still needs
to be done to understand the sensitivity of the reaction to pH as well as the acid used and to
confirm or invalidate the correlation of this phenomenon with the use of VC.
Although this work attempted to cover the subject, for the sake of simplicity in the
understanding of the grafting mechanism, we have restricted this work to very specific
conditions (mainly commercial diazonium salts with ascorbic acid and HEMA on gold plates).
Therefore, it would be interesting to test other systems (diazonium salt / reducing
agent / aqueous solvent / substrate / polymer) from the one studied in this work. Particularly,
working with other substrates or with insoluble monomers in emulsion would confirm the
versatility of the process and widen the range of its applications. However, it is likely that
according to the system studied, an optimization of the experimental parameters would be
required since variations in mechanism and reactivity could occur. Besides, a better
understanding of the one-pot reaction (formation of the diazonium salt simultaneously to its
grafting) as well as an exploration of a larger variety of experimental conditions (to date,
reaction principally carried out with iron powder) would become essential since applications
using this system are expanding.
These redox-induced anchoring processes in particular GraftfastTM are very promising and
have already been used for various applications for instance:
- cation exchange membranes1,
- self-adhesive surfaces2,

1

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. Huc, 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.
240

Conclusion

- immobilization of DNA and proteins3,
- effluent treatment4,
- composite materials5,
- electroless plating onto polymers6: offering a chromium free alternative method applicable
for the formation of patterned surfaces and to polymers usually non-accessible by traditional
metallization process.
Recently and as presented in this work, it has also been successfully applied to TiO2
nanoparticles with specific optical properties making them an interesting material in sunscreen
products. The morphology of the nanoparticles remained unchanged after the polymer grafting
while the stability of the dispersion of the grafted nanoparticles in water has been enhanced.
However, the stability has to be even more improved and it remains to investigate the
conservation of the optical properties of the TiO2 nanoparticles after the grafting and to test the
photocatalytic activity of the powder.

3

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),
3538-3546.
4

X. T. Le, P. Viel, A. Sorin, P. Jegou, S. Palacin, Electrochemical behaviour of polyacrylic acid coated
gold electrodes: An application to remove heavy metal ions from wastewater, Electrochimica Acta,
2009, 54 (25), 6089-6093.
5

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.
6
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.
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Appendix 1
Laboratory apparatus
1. Analysis techniques
AFM
AFM images were obtained in tapping mode using a commercial AFM (Molecular Imaging
PicoSPMLe) controlled with a PicoScan 2100 controller (Scientec, France) placed in an
acoustic box on a floating table to avoid vibrations during measurements. Pyramid-shaped AFM
tips in silicon were mounted onto a 225 µm-length cantilever vibrating at a resonance frequency
of approximately 75 kHz and with a spring constant of 3 N.m-1. Data were treated with
Gwyddion software.
Contact angle
Contact angle measurements were made on a system from Apollo Instruments by delivering
a 2 µL drop of ultra-pure water (H2O MQ 18 MΩ) at a 1 µL/s speed from a microsyringe onto
the sample mounted on an illuminated horizontal stage. The image of the static water droplet
was captured by a video camera and the SCA20 software. Six measurements were taken for
each sample and the average water contact angle was calculated.
Electrospray ionization mass spectroscopy (CEA/DEN/DANS/DPC/SECR/LSRM)
ESI-MS analyses were carried out using a LCTXE premier from Waters in a negative
ionization mode with a ToF analysis. A flow rate of 10 µL/min H2O:MeOH 50:50 v/v was
employed. A dinitrogen flow rate of 10 mL/min was set up at the cone level and a 350 mL/min
one at the desolvatation level. The desolvatation and source temperatures were respectively
200 °C and 100°C. The capillary and the cone voltages were respectively 2500 V and 20 V.
Sample preparation: MeOH was added to the reaction medium after the desired reaction time
in order to stop the reaction and to reach a H2O:MeOH 50:50 v/v solution (compatible with the
column).
Ellipsometry (CEA/DSM/IRAMIS/SPEC/GMOB)
The thickness of the films was determined by spectroscopic ellipsometry, using a SOPRA
ES3G ellipsometer. The light beam allowed getting a 2 x 2 mm2 footprint on the sample. The
optical constants, used for computation of the film thickness, of the bare gold substrates were
extracted from the literature and the refractive index of the polymer layer was 1.45 according to
typical values usually employed for organic films. The major sources of uncertainty lay in the
difference of the substrate from ideal bulk metal, from its roughness as well as from the
inhomogeneity of the polymer film and its dual composition.
I
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EPR (CEA/DSM/IRAMIS/LSI)
EPR spectra were recorded at the X band (9.4 GHz) on a Bruker ER-200D EPR spectrometer
equipped with a high sensibility cavity. EPR measurements were performed at room
temperature using a flat quartz aqueous cell. The typical instrument settings were: microwave
power 2 mW, gain 105, modulation amplitude 0.1 G, time constant 81.92 ms. Hyperfine splitting
constants and spectra deconvolution were determined by means of an automated simulation
program using the Levenberg-Marquardt method. For all the spectra Lorentz line shapes were
assumed. Radical concentrations were calculated from a 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 analyses, a GC-ToF (GCT premier) from
Micrommas (Manchester, UK) was used with the software MassLynx (version 4.1). Electron
impact ionization was employed with energies of 70 eV (source temperature 200 °C). The
capillary column (SLB-5ms from Sigma Aldrich) was apolar, of 30 m length, 0.25 mm diameter
and with a 0.25 µm film thickness. A helium constant flow rate of 1.1 mL/min was running
across the column. The injection syringe was always washed in MeOH and then water prior to
injecting the solution of interest in the spectrometer in a splitless mode. The program
temperature of the oven was the following: start at 100 °C then 20 °C/min until a temperature of
300 °C was reached and finally a 10 min stage at 300 °C. The temperatures of injection and of
the interface were both 250 °C.
Sample preparation: In order to analyse all the compounds present in solution or formed
during the reaction (including precipitates) and to « stop » the reaction, ACN was added after
the desired reaction time. A dilution in water was then performed to reach concentrations of
maximum 4.10-4 M in diazonium salts and inject solutions of ACN:H2O 1:10 v/v.
IR-ATR
Infrared spectra were obtained on a Bruker VERTEX 70 spectrometer equipped with ATR
(Attenuated Total Reflection) Pike-Miracle device (equipped with a synthetic diamond crystal
deposited on a KRS-5 (thallium-bromo-iodide) lens). The detector was a MCT
(Mercury-Cadmium-Telluride) working at liquid nitrogen temperature. The spectra were
obtained via the OPUS software after 256 scans at 2 cm-1 resolution between 600 and 4000 cm-1
with a background at air. The base line of the spectra is automatically adjusted. The
contributions from H2O (3100-3300 cm-1, liquid and gas from the detector), CO2 (2300 cm-1,
gas) and ATR crystal (2000-2200 cm-1, diamond) were subtracted.
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IRRAS
IR-mappings were obtained with a Bruker Hyperion 2000 microscope purged with
dinitrogen and equipped with a MCT detector. The sample moves thanks to a motorized plate.
Whatever the analysed surface, spectra (600-4000 cm-1) were acquired after 126 scans at a
6 cm-1 resolution. The data are integrated on the absorption band of interest (1350 cm-1 in the
case of a PNP layer and 1730 cm-1 in the case of a PHEMA film).
NMR (CEA/DSV/iBiTec-S/SCBM)
1

H-NMR spectra were recorded at room temperature on a Bruker AVANCE DRX 400

operating at 400 MHz.
Profilometer
The thickness of the sample was measured with a Dektak 3030 ST profilometer using a
lateral resolution of 50 µm able to measure steps between 10 nm and 400 µm. Typically, a scan
length of 500 µm at a low stylus speed with a 2 mg force was used.
SEC (CEA/DEN/DANS/DPC/SECR/LSRM)
Size exclusion chromatography analyses were performed on a liquid chromatography system
(METROHM) using a high performance column (Superdex 75 10/300 from Tricorn). Therefore,
the stationary phase was made of composite of cross-linked agarose and dextran (13 µm average
particle size). The mobile phase was made of 10 mM of ammonium acetate in H2O DI to avoid
interaction between the stationary phase and the compounds of interest. The detection was
provided by a refractive index detector (RI Bischoff 8120).
Sample preparation: after the desired reaction time, a volume of ACN/H2O equal to four
times the volume of the reactive solution was added (final solution composed of ACN:H2O
20:80 v/v) in order to stop the reaction and solubilise all the polymer. Then, these samples were
injected in a liquid chromatography system for a SEC analysis.
TEM (CEA/DSV/iBiTec-S/SB2SM)
TEM images were obtained with a Philips CM12 electron microscope. For the visualization
of the polymer on the TiO2 nanoparticles a negative staining was performed by exposing the
grids to a droplet of a 2 wt.% uranyl acetate solution in water for 1 min. The grids were tapped
dry with a piece of filter paper to remove the excess of stain and air-dried before TEM
measurements.
TGA (CEA/DSM/IRAMIS/SPAM/EDNA)
Differential thermogravimetric analyses were carried out on a simultaneous TGA-DSC
analyser Netzsch STA 449 C under a flow of argon and 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 TOF IV from ION TOF. Depth profiles
were obtained working in negative ionization mode. A Cs+ ion beam (500 V) was used in
addition of the Au3+ primary ions beam (energy of 25 keV on a 150 x 150 µm2 surface) for the
abrasion of a 750 x 750 µm2 zone of the sample. Acquiring time was depending on the thickness
of the sample.
Turbidimeter (CEA/DSM/IRAMIS/SPAM/EDNA)
The turbidimetry analyses were performed on a Turbiscan Lab expert apparatus from
Formulaction. A scan was recorded every 1h. Prior to the characterisation, the suspensions of
nanoparticles were sonicated with a US probe for 30 min.
UV-visible
UV-visible spectra were recorded with a Perkin Elmer - Lambda 650 spectrometer with a
tungsten-halogen and deuterium lamps and a R955 photomultiplier detector (resolution
190 - 900 nm). Data were collected via the Perkin Elmer UV win lab explorer software. When
fast measurements were required a Perkin Elmer - Lambda 900 spectrometer able to work at
500 nm/min was used.
XPS
X-ray photoemission spectroscopy (XPS) analyses were performed with a Kratos Axis Ultra
DLD using a high-resolution monochromatic Al-Kα line X-ray source at 1486.6 eV and a power
of 150 W. Fixed hemispheric analyser pass energy of 20 eV was used for core level scans and
160 eV for survey. The photoelectron take-off angle was always normal to the surface, which
provided an integrated sampling depth of approximately 15 nm for a polymeric material. The
area analysed was 700 x 300 µm2. A survey spectrum and core-level spectra of C1s
(282 - 292 eV), O1s (526 - 538 eV) and N1s (396 - 409 eV) regions were systematically
recorded. The energy scale of the instrument was calibrated by setting Au 4f7/2 = 84.0 eV,
Ag3d5/2 = 368.7 eV, CuL3M4,5M4,5 = 567.9 eV and Cu 2p3/2 = 932.65 eV. When charging
phenomena occurred, we used a charge neutralizer (Kratos’s system). On the spectra, the charge
was counterbalanced by adjusting:
-

in the case of gold substrates, the Au 4f7/2 level of the pristine gold substrate (reference
sample always analysed if the charge neutralizer was employed) at 84.0 eV and by
applying this shift to all the samples studied in the same batch,

-

in the case of TiO2 nanoparticles, the carbon-carbon bond energy of the contamination of
untreated TiO2 at 285.0 eV.

For small spot analyses, the pass energy of the analyser was 40 eV for core level scans. The area
analysed was a spot of 110 µm in diameter. Data were acquired with Vision 2 software and
treated with Avantage software.
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2. Other apparatus
Electrochemistry
EG&G potentiostats (Princetron Applied Research) model 263A and 273A were used for,
respectively, electrochemical measurements and removal of the oxide from the substrates.
Probe sonicator
The probe sonicator used for the dispersion of nanoparticles as well as during reactions was
an Autotune Series High Intensity Ultrasonic Processor 750 W model (Fisher Bioblock
Scientific). The probe was a 3 mm titanium-coated conic microprobe. To avoid the warming of
the reactive solution, the system was placed in 5 °C cooled water.
Rotating disk electrode
A rotating disk electrode system, model 636 (EG&G Princeton Applied Research), was used
for investigating reaction mechanisms. The electrode was made of conductive stainless steel
disks polished and coated with 150 µm of pure gold (by vacuum evaporation, see below)
embedded in an inert non-conductive polymer (PTFE). It was attached to an electric motor in
order to control precisely the rotating rate of the electrode. Since the reaction studied was not
electrochemical, the rotating disk electrode was not connected to a potentiostat.
Spin coating
The deposition of organic films was achieved using a spin coater from Laurell Technologies
(model WS-400B-6NPP Lite).
Sputtering deposition
Sputter deposition was performed, from an Alcatel apparatus, on glass plates (RS France),
cleaned beforehand, under vacuum with a diode/radio frequency system from nickel (Marz
99.995 %) and platinum (Marz 99.99 %) targets.
Ultrasonic cleaner
An ultrasonic cleaner (VWR), with a 1L tank capacity and able to deliver a maximum power
of 80 W was used in the rinsing procedure of the substrates.
Vacuum Evaporation
Gold substrates were obtained by vacuum evaporation in a Balzers BAK 600 evaporator of
chromium (to enhance gold adhesion on glass) and pure gold (99.99 % from Williams
Advanced Materials) at room temperature on 37 x 6 mm² glass plates supplied by RS France
(homemade cut from 76 x 26 mm2 glass plates). Prior to evaporation, the glass plates were
rinsed 10 min under ultrasonication in water, ethanol and acetone successively. The thickness of
the deposited layers was monitored in-situ by using a quartz crystal microbalance. This
technique was also used for the deposition of gold on silicon and stainless steel substrates.
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Appendix 2
Chemical syntheses
1.

Reprecipitation of NBDT

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

BF4-, +N2

NO2

Scheme 1 – Nitrobenzene diazonium tetrafluoroborate (NBDT).

The yellow NBDT powder (Figure 1a) was dissolved, at room temperature and under
stirring, in the minimum amount of acetonitrile. The mixture was then poured slowly into
ice-cold diethyl ether to precipitate the diazonium salt. The precipitate was filtered through a
Büchner funnel, washed with cold diethyl ether and dried, at room temperature, in a vacuum
desiccator for 1h. Finally, the white powder (Figure 1b) was kept in a closed vial in the fridge.
a)

b)

Figure 1 – Images of the NBDT powder a) before and b) after the reprecipitation procedure.

The powder before and after reprecipitation were characterized by IR-ATR (Figure 2). The
two spectra are identical displaying in particular the characteristic absorption band of the
diazonium group (N2+) at 2306 cm-1 as well as the two characteristic bands of nitro groups at
1538 cm-1 (νasNO2) and 1355 cm-1 (νsNO2).
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Figure 2 – IR-ATR spectra of NBDT before and after the reprecipitation procedure.

NBDT was also characterized by NMR. The compounds before and after reprecipitation
gave the same results.
1

H NMR (400 MHz, CD3CN, δ, ppm):

- before reprecipitation: 8.74 (d, 3JHH = 9.2 Hz, 2H), 8.62 (d, 3JHH = 9.6 Hz, 2H);
- after reprecipitation: 8.75 (d, 3JHH = 9.6 Hz, 2H), 8.62 (d, 3JHH = 9.2 Hz, 2H).
2.

Syntheses of diazonium salts

Most of the diazonium salts used in this work (3Cl, CF3, SCH3, COOH) were synthesized by
the following procedure. As an example, we will detail the procedure used for the synthesis of
4-thiomethylbenzene diazonium tetrafluoroborate (Scheme 2).

BF4-, +N2

S

Scheme 2 – 4-thiomethylbenzene diazonium tetrafluoroborate.

The diazonium salt was prepared from the corresponding amine. In a typical synthesis,
1.1 equivalents of NOBF4 were added in a closed round-bottom flask containing a solution of
4-(thiomethyl)aniline dissolved in the minimum amount of acetonitrile at -40 °C. The mixture
was stirred for 30 min under argon flow at -40°C and then warmed to room temperature and
poured slowly in ice-cold diethyl ether to precipitate the diazonium salt. The salt was filtered
through a Büchner funnel and washed with diethyl ether. The diazonium salt was stored at
-18 °C prior to use.
The synthesized 4-thiomethylbenzene diazonium tetrafluoroborate was then characterized by
IR (Figure 3) and NMR. The IR spectrum clearly shows the characteristic band of diazonium
groups at 2250 cm-1 as well as a few other bands testifying of the presence of thiomethyl group
in the compound (1415 cm-1: νasCH3, 1333 cm-1: νsCH3) and of the nature of the counter-ion
(νBF4- = 1050 & 1020 cm-1).
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1

H NMR (400 MHz, CD3CN, δ, ppm): 8.51 (d, 3JHH = 9.6 Hz, 2H), 7.74 (d, 3JHH = 9.2 Hz, 2H),

2.67 (s, 3H, SCH3).
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Figure 3 – IR-ATR spectrum of 4-thiomethylbenzene diazonium tetrafluoroborate.

Concerning 4-nitrobenzene diazonium perchlorate, the synthesis procedure used was
different. Indeed, 2 equivalents of amine (4-nitroaniline) were mixed with 1 equivalent of
NaNO2 in an ice-cold flask. Then 2-3 mL of HClO4 were added and the solution was stirred for
30 min. The precipitate was filtered through a Büchner funnel and softly dried at ambient air.
The IR spectrum of the synthesized product is presented in Figure 4. It is very similar to the
spectrum of 4-nitrobenzene diazonium tetrafluoroborate (see Figure 2) except for the IR
absorption band attributed to the counter-ion at 620 and 1065 cm-1 standing for ClO4- (instead of
1050 and 1020 cm-1 for BF4-).
1.0

Transmittance

0.8

υN

+

2

= 2300 cm-1

0.6

0.4

0.2

υBF - = 1065 & 620 cm-1

4
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm-1)

Figure 4 – IR-ATR spectrum of 4-nitrobenzene diazonium perchlorate.

3.

Formation of the diazoether

Stoichiometric amounts of freshly reprecipitated NBDT and ascorbic acid were mixed in a
H2O DI. After a 15 min reaction time, the diazoether was precipitated in ether. The powder was
collected in a Büchner funnel, dried at ambient air prior to be kept in a closed vial in the fridge.

IX

Appendix 2: Chemical syntheses

The UV-visible spectrum of this synthesized compound, presented in Figure 5, displays an
intense absorption band at 354 nm. Moreover, the corresponding IR spectrum (Figure 6) is
consistent with the presence of nitro, phenyl, alcohol as well as carbonyl groups.
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Figure 5 – UV-visible of the diazoether from the reaction of NBDT with VC.
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Figure 6 – IR spectrum of the diazoether from the reaction of NBDT with VC.

Therefore, according to the literature, it seems that the diazoether represented on Scheme 3
was successfully synthesized. Besides, the molar mass of the synthesized compound,
determined by electrospray ionization mass spectroscopy, corresponds to the one of the
diazoether. However, in view of the complexity of the NMR spectrum of this molecule (not
shown here), it is likely that the synthesized diazoether contains impurities. This is not too much
of a problem since only qualitative studies will be made using the molecule.
HO

O

O

HO

N
O2N

O

OH

N

Scheme 3 – Synthesized diazoether from the reaction of NBDT with VC.
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Appendix 3
EPR experimental details
With a view to detect and identify short lived free radicals, EPR experiments have been
performed using a spin-trap. The compound of interest as a spin-trap is the monomer of the
2-methyl-2-nitrosopropane (MNP) dimer. The MNP solution was prepared, at room
temperature, in a nitrogen flow glove box (oxygen free atmosphere) by dissolving about 0.2 g of
the MNP dimer in 50 mL of DI water previously bubbled 10 min with argon gas. Then, the
solution was stirred overnight in a closed vial at room temperature in the dark to dissolve as
much MNP dimer powder as possible and to reach stable monomer-dimer equilibrium
(approximately 10 h after dissolution1).

O
N

10 h, dark
N2 glove box

N+

N

O

2x

O

Scheme 1 – Reaction of the formation of the MNP spin-trap in solution.

This spin-trap solution is very sensitive to temperature, light, oxygen and stable for a limited
period of time. Thus, it is easily understandable that the spin-trap solution was prepared just
before its use and stored for no more than a day in the dark fridge. The equilibrium of the MNP
dimer (colorless liquid) and monomer (blue liquid) in aqueous solution imposes to perform a
measurement in order to evaluate the MNP monomer concentration in solution.
A simple method using UV/vis spectrometry adapted from literature2 was used to find out
the MNP monomer concentration in solution. Kuwabara et al.3 determined a molar absorbance
coefficient of ε 662 nm = 10 ± 5 M-1.cm-1 for this compound. As illustrated by Figure 1, the
concentration of MNP solutions used, based on the absorbance values at 662 nm, was 2 mM in
average (always within the 1 mM – 5 mM range).

1

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

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.
3

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 EPR experiments from which the
concentration in spin-trap is determined.

To make sure that all the radicals formed can be spin-trapped, an excess of MNP spin-trap
versus the diazonium salt was employed during EPR experiments. Therefore NBDT
concentration of 1 mM was always used and the concentrations of ascorbic acid and HEMA (in
the case of the GraftfastTM process) were adjusted functions of [NBDT].
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Appendix 4
Indirect measurement of [NBDT]
For experimental reasons, an indirect measurement of the concentration in diazonium salt
can be required. According to the literature1, the NEDA (N-(1-naphthyl) ethylene diamine
dihydrochloride) reacts, in acidic water, specifically with diazonium salts. This diazo coupling
reaction2 with NBDT leads to the formation of a stable azo compound characterized by its
maximum absorbance λmax at 545 nm and a corresponding extinction coefficient at room
temperature in water of ε545=53,560 cm-1M-1. Therefore, by measuring the absorption of this
reaction product, the concentration in diazonium salt can be determined.
NH 2
NH2

HN
HN

+

+
N

O 2N

N

N

N

NO 2

NEDA

NBDT

N-(1-naphtyl-4-diazo-4nitrobenzene)
ethylenediamine

Scheme 1 – Diazo coupling reaction leading to the formation of an adduct detectable by UV-vis.

This indirect method is particularly efficient to measure the [NBDT] with time without
working in diluted solutions (usually used so that the concentrations fit directly with the range
of values acceptable for direct UV-visible measurements). Moreover, contrary to direct
UV-visible measurements, with this technique we are not limited by the acquisition time of the
spectrometer. A small amount of the reactive solution was taken and diluted in water (to reach
concentrations suitable for UV-visible measurements) prior to the addition of an excess of
NEDA powder. A strong change in color was observed (from transparent to purple) testifying of
the diazo coupling reaction. Finally, the sample was analysed by an UV-visible spectrometer to
determine the absorbance of the sample from which the concentration in diazonium salt was
calculated.

1

T. J. Novitsky, Diazo-coupling option with Pyrochrome Chromogenic LAL, Associates of Cape Cod
Incorporated, 1998, 16 (2).
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 instance in polystyrene films1, give an XPS peak at
high binding energy called π-π* shake-up satellite. This peak is due to shake-up excitations
taking place in the π orbitals of the benzene rings. Simultaneously to the ejection of the
photoelectron from the 1s orbital, an electron is promoted from an occupied π bonding orbital
on the benzene ring to an unoccupied π* antibonding orbital.
Organic films synthesized spontaneously, by a chemically induced process or by the
GraftfastTM method all contain benzene rings from the aromatic diazonium salt as demonstrated
by the IR and XPS detection of the groups borne by the aromatic rings (mainly nitro in our case)
and the detection, uniquely by IR, of the stretching vibration of aromatic carbon double bonds.
Therefore, the presence of this shake-up satellite in the XPS C 1s core level spectra of those
films was investigated.
From the spectra a and b in Figure 1, it is clear than no π-π* shake-up satellite is present in
the 292 eV region for respectively spontaneous PNP films and GraftfastTM PHEMA films.
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Figure 1 – C 1s core level spectra of a) a spontaneous PNP film (NBDT 0.046 M, H2O DI, 60 min) and
b) a PHEMA film (NBDT 0.046 M, VC 1/10 eq, HEMA 15 eq, H2O DI, 60 min) c) a SAM of
nitrobenzenethiol and d) a thick PNP film on gold with a zoom in the 290 - 295 eV region.

In order to understand why we are not able to observe this peak, a SAM of nitrobenzenethiol
(containing a low amount of benzene rings) and a thick PNP film (containing an important
amount of aromatic moieties) were analysed by XPS (Figure 1 c and d). The shake-up satellite
was only detected in the latter case. Therefore, similarly to the SAM, it is very likely that this
1

G. Beamson, 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 spontaneous or induced grafting of PNP films as well
as GraftfastTM PHEMA films due to the very low amount of benzene rings in the films. In
particular, concerning GraftfastTM (co)polymer films, the signal can also be difficult to observe
in accordance with the relative amounts of the two precursors in the reacting mixture.
To conclude, the π-π* shake-up satellite can be observed but only in the case of films
containing an important amount of benzene rings. Therefore, in this work, we will consider that
we only display the XPS C 1s spectra up to 292 eV and focus on the feature at lower binding
energies.
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Appendix 6
Influence of the temperature
The temperature is well known to be responsible for the degradation of diazonium salts in
solution. In order to evaluate the role of the temperature in the polymer grafting, reactions in
temperature but without any reducing agent were performed. From the results presented in
Figure 1, it is clear that, from 35°C, the amount of grafted polymer linearly increases with
temperature. This strong effect of the temperature on the grafting fits perfectly with the value of
45°C found by DSC for the decomposition of the NBDT diazonium salt in water. These
experiments are also in agreement with the results obtained in III.3.4.2 showing that the higher
the temperature (beyond 40°C), the more efficient the spontaneous grafting of diazonium salt on
the substrate. However, the precise mechanism of such phenomenon remains unclear. Only
further experiments, for example EPR with a heated analysis cell, could allow us to clarify this
grafting mechanism.
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Figure 1 – Intensity of the νC=O absorption band from the IR-ATR analysis of the PHEMA films obtained
after 1h immersion of gold plates in 0.046 M NBDT, HEMA 15 eq, H2O DI as a function of the
temperature.

The temperature seems to have an effect on the grafting of both diazonium salt and polymer
even when no reducing agent is present in solution. Therefore, this parameter will not be
investigated in more details since it is likely that it would only complicate the grafting
mechanism and not bring any additional information in the understanding of the GraftfastTM
mechanism.
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Appendix 7
GraftfastTM in buffer solutions
The solvent used in the GraftfastTM process was identified as a parameter having a potential
influence on the grafting of polymer. In addition to simply changing the nature of the solvent,
we also examined the effect of buffer solutions. Since the diazonium salt reacts with organic
acids, phosphate buffer solutions of pH = 2.1 (H3PO4/KH2PO4) and 7.2 (KH2PO4/K2HPO4) were
tested.
The reactions of NBDT with VC in presence of HEMA performed in buffer solutions were
followed with time. The corresponding results giving the variations of the intensity of
absorption of the polymer film at 1730 cm-1 are shown on Figure 1 in parallel with the results
obtained for similar reactions performed in H2O DI (pH = 5.5) or H2SO4 (pH = 2). The reactions
performed in phosphate buffer solution of pH = 7 and in H2O DI give very similar results.
Surprisingly, in comparison with the reaction in H2SO4 pH = 2, the reaction performed in
phosphate buffer solution of pH = 2 gives very high absorption values. Moreover, these values
are also a lot higher than those obtained at higher pH with does not really fit with the proposed
mechanism. Indeed, the mechanism is based on the formation of the diazoether from ascorbate
ion which can eventually decompose and give aryl radicals. Therefore at acidic pH, this reaction
should not occur. These phenomenon could potentially be explained by a modification of the
counter-ion of the diazonium salt.
To sum up, we have observed an unexpectedly thick PHEMA films when working in buffer
solutions but this behaviour remains very unclear.
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Figure 1 – IR intensity of the νC=O band of GraftfastTM PHEMA films (NBDT 0.046 M (1 eq), VC
1/10 eq, HEMA 15 eq, 60 min) with reaction time and according to the solvent used (H2O DI, H2SO4
10-3 M, phosphate buffer solution of pH 2.1 and 7.2).
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Abstract
In this work, three surface functionalization processes have been studied: the spontaneous grafting from
diazonium salts, the chemically induced grafting from diazonium salts and the chemically induced grafting
from diazonium salts in presence of vinylic monomers (which is Graftfast). These processes work at room
temperature, atmospheric pressure, in aqueous medium and without any external energy source (“green”
chemistry). They lead to the formation of organic films (in particular polymer films in the case of the
Graftfast process), stable, strongly grafted and with a controlled thickness (chemically activated processes).
Contrary to diazonium salt electrografting methods, the reaction can occur on any type of substrate from
insulators to conductors including nanomaterials. The so-modified surface can show new properties (for
instance water-repellency or protection against corrosion) which is of a major interest in some industrial fields.
The main objective of this work was to understand the grafting mechanism of those processes, especially of
the Graftfast process, by studying the chemical composition of the films, their structure as well as the
composition of the reactive solution. As for classical radical chain polymerization, the mechanism can be split
in three steps: initiation, propagation, termination. The polymerization is initiated by aryl radicals in solution
coming from the chemical reduction of the diazonium salts (outer-sphere or inner-sphere mechanism according
to the reducing agent used). In parallel, aryl radicals can graft to the surface of the substrate and form an
essential polyphenylene primer-layer. The propagation stops when the growing polymer chains react on the
aromatic rings already grafted on the substrate (termination step). It results an aryl groups/polymers mixed
structure of the films. The Graftfast process has been notably tested with a view to improve the dispersion of
nano-objects in water in the framework of a preliminary study on sunscreens containing TiO2 nanoparticles.
Key words: Surface functionalization, radical polymerization, aryldiazonium salts, redox activation,
polymer films, titanium dioxide nanoparticles.
Résumé
Au cours de ce travail, trois procédés de fonctionnalisation de surface à partir de sels de diazonium ont été
étudiés, à savoir : un procédé spontané, un procédé activé chimiquement et le procédé appelé Graftfast
(activation chimique en présence de monomères vinyliques). Ces procédés, dits de chimie verte, fonctionnent à
température ambiante, pression atmosphérique, en milieu aqueux et sans apport extérieur d’énergie. Ils
conduisent à la formation de films organiques (notamment de polymères dans le cas du procédé Graftfast)
stables, greffés de manière covalente et d’épaisseur contrôlée (procédés activés chimiquement). Contrairement
aux méthodes d’électrogreffage de sels de diazonium, ces procédés peuvent s’appliquer à tout type de
substrats allant des isolants aux conducteurs en passant par les nanomatériaux. Le substrat ainsi modifié peut
présenter de nouvelles propriétés (par exemple d’hydrophilie, de protection contre la corrosion, …) ce qui est
d’un intérêt majeur dans certaines problématiques industrielles.
L’objectif majeur de ce travail a été de comprendre les mécanismes réactionnels de ces trois procédés et
plus particulièrement du procédé Graftfast en étudiant la composition chimique des films, leur structure mais
aussi la composition des solutions réactionnelles. Comme pour une polymérisation radicalaire en chaîne
conventionnelle, le mécanisme réactionnel du procédé Graftfast (cas le plus complexe) procède en trois
étapes : amorçage, propagation, terminaison. La polymérisation est amorcée par les radicaux aryles en solution,
issus de la réduction chimique des sels d’aryldiazonium (mécanisme en sphère interne ou en sphère externe
selon le réducteur chimique). Parallèlement, les radicaux aryles peuvent se greffer à la surface du substrat et
former une sous-couche d’accroche de polyphenylene jouant un rôle essentiel dans la construction des films.
La propagation s’achève lorsque les chaînes polymères en croissance réagissent par des réactions de transfert
sur les noyaux aromatiques déjà greffés sur le substrat (étape de terminaison). Les films obtenus sont alors de
structure mixte : groupements aryles, polymères. Ce procédé a notamment été testé dans le but d’améliorer la
dispersion des nano-objets dans l’eau, dans le cadre d’une étude préliminaire sur les crèmes solaires à base de
nanoparticules de dioxyde de titane.
Mots clés : Fonctionnalisation de surface, polymérisation radicalaire, sel de diazonium aromatique,
activation redox, films polymères, nanoparticules de dioxyde de titane.

