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Coating of surfaces includes important industrisbcesses such as Physical Vapor Deposition
(PVD), Chemical Vapor Deposition (CVD), Electrophat, Electrophoresis and many others, the
objects obtained with these methods are part ofdaily life such as microelectronic equipments or
car bodies.... Other methods for the modificationsaffaces include the reaction of oxidized
surfaces with silanes and phosphonates as welle#fs ASsembled Monolayers. More recently
electrografting has appeared as method for thegt(oovalent) attachment of organic layers to a
variety of substrates from diamond to polymers.utnber of chemical groups (amines, carboxylates,
alcohols, Grignard reagents, diazonium salts, igsylalkyl halides) have been found as suitable for
electrografting. Besides electrografting a numbér other procedures have been developed
(spontaneous grafting, grafting by scribing, byagdbnication, etc). These methods appear of some
interest as, for example, grafting of diazoniuntssabs now reached the industrial stage (either by
electrochemistry or as a spontaneous reactionjd8gsa number of sensors have been described in

academic publications.

Nevertheless, adding new chemicals or new procedor¢he list above is a valuable research goal,
as one can expect faster, more efficient, or maslye scaled up reactions. The search of new
reactions is the topic of this thesis, particulaHg search for easily available molecules thatlmn
grafted to surfaces. We report the rather unexgeatdirect and photochemical grafting of a

common, easily accessible solvent: acetonitrile.






General introduction

General introduction

In most cases, deposition of an organic layer anteetal does not lead to the formation of a
bond between the substrate and the layer. Thera atenber of methods available for the
deposition of an organic layer on a metal, paintsighe simplest one, but also roll coating
(where the polymer sheet is pressed between tv® @al a metal sheet), spraying polymer

onto metals, etc.

This thesis describes something very differerdelils with chemical reactions that permit the
formation of a chemical bond between the subsi{@ebon, metal, semiconductor) and the
organic layer. Some reactions of this type haveaaly been described and the following

introduction gives a brief account of these methods

In the first chapter, we present the bibliograpsiadies of different methods that permit
surface modification. These methods are dividetvimgroups: a) the class of molecules that
form self assembled monolayers without electrockahinduction and b) the molecules that
form organic layers on the substrate involving gahemistry as a means to initiate and
perform modification (both oxidation and reductioWe start by describing the formation of
self assembled monolayers using different classesompounds like fatty acids, silanes,
thiols, phosphonic acids and alkyl monolayers tin®i. For each class, we represent shortly
the substrates that can be used, basic modesgarprthese substrates, bonding mechanism,
stability and some applications. Photochemical rincation is described separately, together

with two important classes of molecules used (adkaand arylazides).

The second chapter deals with the electrograftifg neetals (gold, copper) and
semiconductors (SiH) with a newly developed strataging the sterically hindered 2,6-
dimethylbenzenediazonium salt to generate and geaficals derived from the solvent
(acetonitrile), this leads finally to an amino layk is interesting to note that the layer can be
formed spontaneously in the case of copper. Weyaadhese layers by different techniques

and present a mechanism accounting for the formatidhe layers.

The third chapter involves the photochemical gngftof acetonitrile under UV irradiation.
This simple method only necessitates a small UVplaamd a very common solvent,

acetonitrile. The amino layer that is obtaineddenitical to that of the second chapter, but

-1 -



General introduction

through a different mechanism. It is characterizgd IRRAS, Tof-SIMS, SEM, EDX.
Whatever the induction mode (electrochemical ortptizemical), the amino groups of the
surface could be used as a platform for attachwfedifferent biomolecules.

The fourth chapter investigates an important painthe grafting of diazonium salts. An
adsorption step takes place before the graftingidimy) step when diazonium salts are
attached to graphene or carbon nanotubes (CNTSs).inkkstigate the possibility of an
adsorption of the diazonium salts prior to graftorgmetals. A corrosion study points to the

absence of such an adsorption step on metals.
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Surface Coatings, a Review
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Chapter 1 : Surface Coatings, a Review

|. Formation of organic films on different subsést
This thesis describes the covalent modificatiorvafious surfaces (carbon, metals)

with organic layers, including surface patterning.

There are now quite a number of methods that petoeibding of an organic layer to a
surface, even if the presence of a bond its natrigle@lemonstrated. This introduction gives a
brief account of these methods. There are also mayg to deposit, without formation of a

specific bond, an organic layer on a metal by spayroll coating ...etc.

In the first part of the chapter, we describe thethuds that permit to create these
layers without any induction — these reactionsloanegarded as purely chemical and involve
surface groups of the substrates (activated or aont) the head group of the molecule
intended to bind to those surfaces. Although tmesthods are simple, in most cases, they are
limited to one surface type (i.e thiols on goldpgphonic acids and silanes on hydroxylated
surfaces) or suffer from weak interaction/bondirithwhe surface (i.e thiol, fatty acids). One
of the important aspects of their chemistry is thamation of i) organized monolayers
(thiols), ii) more or less organized layers (signghosphonic acids, alkyl groups on silicon),
and iii) possible further functionalization and teating, etc. Hereafter, we will briefly and
simply describe their chemistry, utility and stéiil

The second part of this chapter describes the palyeglectrochemically based
methods for attaching covalently different compouyges, their characterization and their

applications.

l. SAMs
A self assembled monolayefSAM) is an organized layer of amphiphflimolecules

in which one end of the molecule, the “head grosipdws a special affinity for a substrate
and the “tail”’, which contains a functional groust the terminal end. Different class of

molecules can form SANi&

! Amphiphile (from the Greekiugic, amphis: both anghiio, philia: love, friendship) - term describing a
chemical compound possessing both hydrophiiatér-loving and lipophilic {at-loving) properties.

-3-



Chapterl | Surface coatings, a Review

I.1. Fatty Acids
These monolayers are formed from spontaneous adsorpf long-chainn-alkanoic acids

(CaH2n+:COOH) on AbO5Z®, Tio ", Ag(AgOY®?, stainless ste&l, CeQ™? nanoparticles,

ZnO™* nanowires , ITGY,

o o 07 0 o~ o
[ Ago )
Figure. 1. Fatty acid SAM sicture.

The reaction leading to the formation of the mopetas an acid-base reaction between the
carboxylate anion and a surface metal cation (Eidly This ionic bonding between the

substrate and the SAM is reflected in their poabiity towards hydrolysig.

[.2. Silanes
For the formation of these monolayers, the sulstabe modified needs to be hydroxylated.

The self-assembling molecules consist generalthrafe parts: the head group, the alkyl chain

and the terminal end groti

SiOi
Head group
cleaning / '%
hydroxylation S
<
<

Si___-Si
WA A
O OHO Surface group

| | | silanization

ST Jroy seciomeomy St

Figure. 2. Sila SAM obtention and the structure of the formed Iger.

The head group, i.e trichloro-, trimethoxy- or triethoxysilane, is s@onsible for the
anchoring of the molecules onto the substrate. dlkg@ chain provides the stability of the
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monolayer, due to van der Waals interactions, aslahsignificant influence on the ordering

of the SAM;the terminal end group introduces a chemical fmnetiity into the monolayer

system and can be further chemically modified ttottesurface properties in a controllable

fashion*®*®. The SAM in Figure 2 is a polysiloxane layer timtonnected to the surface

silanol groups via —Si-O-Si bonds.

A clean and hydroxylated thin oxide layer on ecsiti surface is mandatory before the

formation of the layer. Two methods are mainly ulsedhis purpose:

The Si wafer is cleaned by dipping it many timesimixture of concentrated sulfuric
acid and hydrogen peroxide, and then in an alkatmeture of de-ionized water,
ammonium hydroxide and hydrogen peroxide (to remowganic and inorganic
contaminants as well as unwanted particules froenwhfer). Afterwards, the SjO
layer is removed using dilute hydrofluoric acid afwdally, pure native oxide is
formed by treating the wafer in a bath of hydrocicl@cid and hydrogen peroxide.
This last step affords an hydroxylated surfaceghénlast step, the wafer is rinsed with
de-ionized water and dried under nitrogen.

The silicon wafer is submitted to the following sassive steps: i) Sonication in
chloroform to degrease and remove organic contaioma (i) Photochemical
precleaning by UV radiation in an oxygen atmosplierel.5 min to transform organic
compounds (hydrocarbons and oils) into gases oera@luble species such as fatty
acids; (iii) Piranha cleaning for10 min, (immersion of the wafer into a freshly
prepared mixture of sulfuric acid and hydrogen pel®), (iv) thorough rinsing with
DI water and (v) finally, further dry photochemicatidation fo~45 min to remove

the last traces of contaminants.

To prepare the SAM, the clean hydroxylated Si wedelipped into a reaction bath containing
the silane molecule R(GHSiX3; n(X = Cl, OCH or OGHs) dissolved in an alkane/carbon

tetrachloride mixture.

On silicon-oxide surfaces, SAMs as above can bdobmed directly using silane based

precursor molecul&d as above or by activating the substrate with Se®ld HNE$, and

further addition of hydroxyl functionalized moleedf®?"],

Silane SAMS can be formed on a variety of subsgrateh as silicon oxid&?228 micd®,
glas®®32 quartP3 ALOL ZnSERS GeQ*, TiOM##7] ZnO*®, ITOR2, Zro,*!

-5-
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GaN*!, poly-SiG&®, BNPY (cubic boron nitride) and nanoparticules: 28D Fe;0,>21>4,
EuLu,05, nanodiamond, SiO” (-OH)CNT !, TiO®H, zr0,*? (nanocrystal).

R
X-Si—X Sie
\ AN
HO O OHOHO O OH
X,SiR ROOR
+ —0-Si~0-$i~0-Si-0-
OH OH OHOH OHOH
+H.O O OHO OHO R .
? : R
Ho”s'\o Ro R s
(X=-Cl,-OR) rO's” S0
HO\| ) o. .R
$i S
OHO OHOHO O
excess H,0O

Figure. Silane structure dependency on the amount of waté solution.

To obtain a good quality silane monolayer, onehefihost important parameters is the water
content of the reaction medium (Figure 3) — in #imence of water, the formed layer is
incomplet&®; with an exces of water, the silane polymerizesding to the formation of
polysiloxanes, which in turn form islands of muaier filmd?®!. The optimal water content is
estimated to be 0.15 mg,® per 100 mL of solveli?’. If the bonded silane has a terminal
hydroxyl group (or a precursor of it through a chemhreaction), it can be further modified to

form multilayers.

The silanes are used in different applications saghforming patterned assembly of single-
walled carbon nanomaterials onto oxide surf&&edepositing controlled assembly of silane-
based copolymers, which are resistant to piranhatisn for several hour$"; creating
superhydrophobic layers on Al (using perfluorinatéddrosilanes), lowering adhesldh
improving the corrosion protection of metals - qnu$sible use as replacement for chromate
in general in corrosion control and paint adheSiit-; micropaterning functionalized
surfaces by photoreaction of the formed silanerl&}ebiosensing applicatioft¥; grafting
surfaces with PEG ( PolyEthyleneGlycol) through ffiodtion by aminopropylsilane to
increase chemical stabili; linking biotin to ZnO nanoparticuled; preventing
agglomeration of nanodiamond particlii®s patterning proteins onto poly-SiGe via
lithography*”; functionalizing silica coated porous alumina meame for advanced

molecular separatiéi¥; for cell adhesiof? and attachmert® to Ti surface ,etc.
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Monolayers are thermally very stabfg] depending on the molecule type, they withstand
temperatures up to 350°8, they resist some mechanical WE4f®, and chemical attat.
The chemical stability of these silane films hagrbéested by monitoring contact angles,
ellipsometry or infrared spectroscopy upon repeatadhing at room temperature, showing
very little change of contact angle, film thicknessl a slight shift of the metylene stretch to
higher frequencies. But when such films were plaicedoiling water the change in contact

angle, thickness was significant due to the filrdroyysis®®.

1.3. Phosphonic acids
SAMs from phosphonic acids (Figure 4) can be formediifferent substrates: &8 Til®*

8] Fel git7lsel TNzt 92l cf? GaN®®!, HfO,**. Diphosphonic acids can
also form SAMs on: Z®I°8 s{o71 Tile7l 7]

OH

Figure. 4. SAM monolayers foration: a. monodentate or b. bidentate linkage witlsubstrate.

These layers are used in corrosion prote€fipnas biosensofd, etc. They have good
stability under acidic and neutral conditions, bat decreased stability under basic
condition&3*7] they are thermally stable up to 406%C

l.4. Thiols
The most common protocol for thiol-SAMs preparatisnthe immersion of the clean

substrate into a dilute (1-10 mM) ethanolic solntiwf thiols for 12-18K”. Dense surface
coverage of thiol is obtained some minutes aftenarsion of the substrate into the solution,
but the organization process requires time to aehéemaximal density and minimal defects.

The quality and the formation rate of the resul®&M is affected by different factdrs:

e Solvent- ethanol is used most often due to its low tayjcand good solubility. Other
solvents can also be used: tetrahydrofuran, dinfetimyamide, acetonitrile, which
can give a SAM of the same qualif{!l'!®!! as that formed in ethanol. The rate of

formation in other solvens such as heptane or kegan be faster than in ethadfl.
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e Temperature— increasing the temperature of the solution imesothe kinetics of
formation and reduces the defects of the formed8y, the benefit of this increase
can also be the desorption of adventitious matepaksibly present on the surface.

e Concentration and immersion timewhen the concentration of the thiol is low, the
time of immersion is long. Typically, the formatidime is 12-18h, but sometimes
more time is required to obtain a better qualityVBA

e Thiols purity — the impurities presented in thiols, are in mestes, their oxidation
products (disulfides), which up to a concentratio®% do not change the structure of
the formed SANf%Y.

e Adsorbate or surface purity is one of the important factors, because angmtitious
material present on the substrate decreases thigyqoh the formed SAM, or
increases the formation time.

e Oxygen concentration in solutiendegassing the solvent with an inert gas prighéo
preparation of the thiol solution and maintainingiaert atmosphere in the course of
the modification improves the reproducibility of B Oxygen content is
significant when the substrate to be modified feedent from gold, because it leads to
surface oxidation of the substrate (ex. Pd, Ag, €a). Other benefit is that the
reduced oxygen content is reflected in the stgbibt the dissolved thiol (in the

presence of oxygen, some extent of the thiolsidized into a disulfide).

SAMS can be formed with a vast range of substrates®?, CU*® g% HgoeIto?
Ni(lo8]  pflosiiiol - p1ol] = 7111112 Gaadttsl | np4Ls] - 73548l hanostructures
(particules, clusters, rods) : AG" % pf2o |21 pdt2l o t?2 R clusters of AuAg,
AuCu and AuxPg, 1?2 cdTé?12] cqsé?®] cggtzlitz8l pepi2o13l  HgTd!2s
GaAdldid ppdisdl pyadizd zndisa

The terminal group of the SAM can be further maifand tailored****®! which broadens
the scope of thiol chemistry, especially when aotiog for the possibility of surface
patterning to nm scalé®®"** Thiol-SAMs are used in vast fields of academic
application§!*4°!: protein immobilization and biosensing , corrosiahibition, molecular

junctions , sensors, etc.

The mechanism for the SAM formation from thiolsnist well understodd®®”; on gold, the
mechanism is an oxidative addition of the S-H bémdhe surface, followed by reductive

elimination of hydrogen.
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R-S-H + Ay® — R-SAU**Au,’ + %H

The SAM layer withstands temperatures to 200-286"€*? and is electrochemically stable
till -1 V +0.25 V, depending on the SAM quality amgpe of thiol"****®l Under ambient

conditions, the layer is not stable and degrades tol reactior&®!1*47:
2 RS—-Au— RSSR + 2 Au
This limited stability under ambient conditions hastricted their use to the academic field.

[.5. Alkyl Monolayers on Silicon
The formation of alkyl monolayers bonded to a Sstiface was first achieved via an
hydrosilylation reaction, providing a versatile Ipahy for formation a stable Si-C

d*849 Eor the reaction to occur, the Si-H bond needbdoactivated, this can be

bon
achieved thermally (heating to 120-200%€%), by UV*®! or by white light irradiatioft®*/*52
by electrochemistf?*!, by using Lewis acid-mediated initiatBrd, Grignard reagents (Si-Cl

surfacel*! (Figure 5).

The layer can be formed from 1-alkynes without mdé activation; under the same
conditions 1-alkend$* show little or are hardly any reactivity - whiclmphasizes the

superior reactivity of 1-alkynes. The density ofadbed molecules from long alkyl chains to
form a monolayer is about 1:2, with the remaininga®ms being H-bound to silicium. An

H5%I%8] and to further chemically

important feature of this method is the possibilaypatter
modify the layef®”.. These SAMS can be used in different applicattof&®®: chemical and

biochemical sensing, electronics, etc.

R R R

) or <10% HF H H H H H
SiO, 40% NH,F or A

s J—— " T

\/\R

R R R H

o o a a m
ROH or RCHO )
ROHorROHO, o

Figure. 5. Déffent reactions for the construction of monolayer®n silicon.

PCl, or Cl, l

The layer improves the lifetime of the surface mbéent atmosphere by several orders of

magnitude, compared to a hydrogenated suffdteMonolayers formed from 1-alkynes

-9-
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(containing Si-C- bonds) are more stable in aquddiisand NaCO; solution compared to
those formed from alcohols and aldehydes (both ifuyr®i-O-C-§*°°. The alkyl monolayers
formed from the reaction of 1-alkenes with SiH trermally stable up to 340,

II. Formation of organic nano/micro layers throwgéctrochemistry.

The formation of thin organic layers by electroclsng can be achieved via reduction or
oxidation. For the oxidation process, the substna¢eds to withstand relatively high
potentials and this puts a limit on the type of<tdie that can be modified. For this reason,

the reductive methods are more general.

[I.1. Oxidation of amines
This electrografting process can be only done tmided type of substrates, due to the high
potential that is needed for grafting (often highean +1.2 V vs. SCE), which imposes the

use of noble substrates that withstand oxidatiarh @s: carbon fibelf§?It53

] glassy carbon
(GCYHe4%S] carbon feft®! pyrolized photoresist filff”, Aul*®®], P |TOM® carbon

nanotubes, p-8f°.

D + RNH, —&H D +RNH, — D»NHR

Figure. 6. Grafting of amine by oxidation.

The grafting mechanism proceeds via the one-eleatsadation of the amine group to the
corresponding radical cation, which deprotonategit@ a carbon radical and an aminyl
radical. This radical reacts with the carbon swefdeading to the covalent attachment of the
compound via an N-C linka€ (Figure 6). It is estimated that grafted diamiaes bridged
with both amino groups to the surface and only 25%hem are bonded with one amino
group™?: in order to overcome this issue, one can usedtepted amines i.e protected N-

Boc-ethylenediamine (Bodert-butyloxycarbonylj "

The efficiency of the modification depends on tygetof amine intended to be grafted - while
primary amines are efficient for this purpose, selemy amines are less reactive and tertiary
ones do not react due to steric hindrance withased®”. Surface modification of some
metals (Au, Pt, Cu, Fe) and GC with alkyl amines ba performed without electrochemical

inductio*’?: a mechanism has been proposed for this readiifferent classes of amino

-10 -
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groups containg compounds can also be used iniamidiv aliphatic amind§2i16416s}
aromatic aminds®*" amino acidd’®*"® In addition to organic anhydrous solvents (such
as ethand®, DMF*™ or ACN'™), the modification can also be done in aqueous
solutiongte4teeI73173] ignic Jiquid medid®® or in pure amine (ethylendiamiffg*8oltet)
The attachment of amine to surfaces through oxidai usually achived at fairly elevated
potentials. In the case of conjugated molecules booimy both an amino and an
organometallic moiet}#®? the amine moiety can be indirectly oxidized thiowuan intra-

molecular electron transfer from the ferrocenylugréo the amino moiety at +0.40 V.

The thickness of the formed layers range from mayed (using protected N-Boc-
ethylenediaminé™*t)  to nanometri¢®! or micrometric thick layef€®. The surface can
be patterned using SECM (Scanning Electrochemidatddcopyy®*, the strategy involves
the formation of an amine generated at the SECMbyipreduction of a nitro-containing
compound and the derivatization of the substratesbglation of the electrogenerated amine
after diffusion in the interelectrode space.

Electrochemical oxidation of amines permits the irbitization of dopaminé®¥, amine-
terminated polyamidoamine dendrimf&¥, gold nanoparticulés”, different redox
system&™ laccasE’, iridium and ruthenium complex&¥! Au@FeO, nanoparticled’®,
gold nanoparticuldé$” nitrogen macrocycl€§”, azacrown ethef§®. The formation of
linear polyethyleneimine coatifd® is possible, it can be used for pH sensing bytigigf
pure ethylenediamine, charged with lithiumifluoromethanesulfonat&"*®% the grafted
layer also permits anion exchaf§& The suppression of protein adsorpti§H, can be used
to attach derivatives of 1,3-dihydroxybenzZ&®e Other applications involve: increasing the
performance of a fuel cell in methanol oxidatf®¥, improving the toughness of carbon-

epoxy composité¥?, simultaneous determination of hydroquinone andeate!*®?,

d771187  selective detection of

simultaneous determination of uric acid and ascodmi
neurotransmitter  serotofif®’, determination of nitritt”®, sensor for phenol
quantificatioit®®, lead detection through a system based on cycladified graphite felt

electrodé&®,

[I.2. Oxidation of carboxylates
Since the oxidation of carboxylates is achievedthasoxidation of amines -at relatively high

potentials (E = 1.0 + 0.18%°11%)  this method is also limited to non oxidizabldsuates
such as GE»®I% HOPAE®®! carbon felts®"1%° pp 200

11 -
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<& . -CO, .
rRCO, — | | RCO, R ——| R

Figure. 7. Grafting of carboxylates onto carbon matrials.

The grafting mechanism involves the formation af thdical through electrooxidation of the

carboxylate ion, leading to the attachment of #uiaal to the surface (Figure 7).

Grafted molecules include substituated '&/F°® and alkyl acetates (using ferrocene
derivatives as electron transfer mediat6ts%°?. The grafting medium usually consists of an

Ky95-197]

organic solvent (AC | DMF?®)) containing an inert electrolyte or an aqueous

mediunt'%!,

The stability of the layers has been examined. Baseredox probes, the grafted layers can
be oxidatively removed in an acetonitrile + indgotrolyte solution by scanning the potential
at a slightly more positive value than the grafgpgential'®’, although there is evidence that
the measured film thickness does not change afisitipe cycling of film to potentials as
high as +2V. The grafted film has a multildg®#2°? structure.

Further reactions can be performed: a modifiedsigfistrate can be used as a possible support
for combinatorial chemisti?®, it shows electrocatalytic oxygen reduction preipdf®?, it

can be used for anchoring bipyridine ligand comg#%.

[1.3. Oxidation of alcohols
Even more than the methods above, this reactidersutrom the fact that the substrate needs

to withstand high potentials as the oxidation afolbls is achieved at elevated potentials.
Thus it can only be used to modifiy carbonaceouterias GE*2Y graphite felt*?. The

206]

modification is usually carried out in an aqueousiuson using HSQ,2%12%! of

LiClO4%812%] a5 supporting electrolyte, the latter one giviedtdr resulté®. The reaction
mechanism has not been clearly established (Fgjure

- e'

Figure. 8. Mechanism of alcohol oxidation on carbomaterial.

-12 -



Chapterl | Surface coatings, a Review

Applications involve: suppression of GC electrodeling from non-specific adsorption of
serum proteid€®; attachment of phenanthroline alcohol ligand onicwha catalyst (a
ruthenium complex) is immobilized, which shows aoddcselectivity for the oxidation of
primary alcohols to aldehyd&s!: anchoring of dendrimer-Pt(ll) complexes (G4Og#Pon
GC, which shows electrocatalytic activity for oxygeductioff*®); electrochemical detection
of dopamin&®!; immobilization of TEMPO on the grafted layer atCGelectrodé'®:

immobilization of laccasg&*.

[I.4. Oxidation of Grignard reagents

Modification of differen?**?*®! sjlicon surfaces and other substrates like Ga-@h w
Grignard reagents is achieved either electrochdiyibg oxidatiorf on Si-H* 7281229 g
spontaneously (Si-gfoe2Hiz22 - gj.cPlltssliz2d - Ga.cP?] porous  silicok?1%2™). The
spontaneol€? reactions are also possible using alkyl or ayiidim reagents. The grafted
molecules involve different Grignard derivativeikél alky??®, vinyl (and other unsaturated
hydrocarbons moietieé}”, ethynyl22811219] ary[226l227) or glkyl lithium??®! / aryl lithium?%”!

derivatives.

RMgX + h* —— R + MgX' also

-SH + R —— -Sir + RH R+ SH — RH + &
Si* + RMgX + h* — -SiR + MgX"' R+ R —— RR

-Sir + R —— -SIR -Sir+ SH—— SH + &

Figure. 9. Mechanism for grafting Grignard reagents onto hydrogenated silicium surface through oxidatn
(h= electron hole, SH=solvent).

The grafting mechanism is presented in Figure % ®kidation of the Grignard reagent
provides a R radical, this radical abstracts an hydrogen fréva surface to give a silyl
radical. This formed silyl radical can react with B® radical to give Si-R the modified

surface.

Concerning the spontaneous grafting mechanismeo&til lithium reagent on porous silicon
the reactions proceeds by addition to a Si-Si serfond, resulting in a Si-aryl bdffd’. The

anodic oxidation of CkMgl leads to a fully methylatéd® silicium surface (100%

2 Note that Si is an easly oxidized material — tleeteografting is performed in a glove box in thesence of
water and oxygen.

-13 -
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substitution of hydrogen atoms by methyl group$kH). The Si-Cl has been reacted with
Na-C=CH, giving a Si-&CH surfacE*®. The thickness of the films can range from
monolayef® to nanometer (few layef$y % or micrometer film%*. The electrochemical
grafting of Grignard reagents is a more efficiemtgurface passivisation than the thermal one

and provides more uniform film{&*.

Si surfaces derivatized with longer alkyl chaine asistant to oxidation (formation of the
oxide layer on these surfaces is slower than thahe unmodified surface) and the formed
alkyl layer resists immersion for 15 min in boilingplvents (aerated chloroform and
water}??®: in air these modified surfaces resist oxidationd period of ~50 h, much longer
than SiH surfaces. The pulsed photoluminescenc®i stirface, modified electrochemically
with ethynyl groups, shows a higher intensity antbwer surface photovoltage than the
unmodified ones. This is an indication of a low amibof defects at the interface (better
passivatiornf?®. The formed monolay&?® can be further modified and functionalized, thus

broadening the usage utility of these surfaces.

This is an interesting method, but it suffers frtme need to operate in highly flammable

solvents and in a dry box.

I1.6. Grafting of diazonium salts
Surface modification using the reduction of diazmmisalts is a very efficient and versatile

means of grafting organic moieties to many subsdfat>*¥! The electrochemical reduction
of these salts at a glassy carbon electrode altbevsttachment of organic moieties through
the formation of the corresponding aryl radical?*°! This electrografting method involves a
reduction and is applicable to many substratesratarbon materials (hanotubes, particules,

etc), coinage and precious metals, metal oxidesiceaductors and even polymers.
Substrates

e Carbon materials- glassy carbdff®?*? graphit&*32*°! highly ordered pyrolytic
graphite (HOPG3*¢%% graphen®*2%"! pyrolized photo resists (PP#§2%?! carbon
feltd?®3%  carbon black&*2642671 carbon fiberd®¥268l289 carhon nanotubB&
2751 or nanohorn&®?’" ordered mesoporous carfffi?! ultrananocrystalline
diamond®*2®!  poron-doped diamond (BDB¥**°®  diamond particles

(nanoparticulesf®?° and nanowird®®!,

- 14 -
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e Metals, oxides and semiconductors- Fg?9¢305] — 7pf298l[302]  \;[303](306]
Cd298][302][307][308]’ Cd303][306]’ Cr[309]’ TaN/Té301]’ Zn Ni310], Au298] [311- 316]’ gOId
nanoparticules® /B8 p319l pf20325] indium tin oxide (ITO¥?%-3% sn@gl3*?
Sio*?: Fe0, nanocrystal®®, different Si substratéd' % Gaad® Ge

nanowire§4%

[341] 5342] 343

e Polymers - Teflon®>"~, polyaniline (PANI

[1.6.1. Electrochemistry of diazonium salts
The electrochemical grafting involves a one etattieduction of the diazonium cation to the

aryl radical (this is accompanied with the lossafitrogen molecule) and the binding of this
radical to the substrate (1), this formed radiead be also reduced into the anion (2).

l\ @RHI Q% ar

e
2)
O oo

Figure. 10. 1) The mechanism of diazonium graftingo different substrates (C-carbon materials, M-metés, SC-
semiconductors and P-polymers) and 2) formation ddiryl anion from the reduction of the aryl radical.

The mechanism (Figure 10. 1) is shown to involveetattron transfer concerted with the
cleavage of the C-N bond and the loss of dinitrogereculé®**. The reduction of the aryl

radical to the corresponding anion takes place aemegative potentials (Figure 10. 2), this
is sometime observed by a secondary small wavg, at —0.64 V/SCE during the cyclic

voltammetry scan and corresponds to the reductioresidual aryl radicals that did not
dimerize or undergo further reaction. The redoxepbaél could be obtained from the
simulation of the voltammogramﬁr-/Ar— = +0.05V /SCE . The reduction potential was also
obtained by measuring the number of electrons corduat different potential values during

the reduction of other aryl radical sources findangotential ofEXT-/AT- = —0.95V. These

values of the redox potential for Akr are quite different, this is certainly related with

-15 -
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experimental difficulties. The diazenyl radicAl=N-Ar can be observed (for example, by
pulse radiolysis in strong acidic media), but ibskl not be an intermediate under normal

grafting conditions at low potentials.

During the reductive electrografting around 0 V,ewmhthe potential is scanned toward
negative values, an irreversible wave is obtainedich on the second or third scan,
completely disappears; this decrease of the curserglated to the formation of an organic
layer, which blocks any further reduction reactainthe electrode surface. If the grafting is
performed by chronoamperometry, the current drepyg rapidly, it does not decrease along a
Cotrell law -f(f*?)- as it should expected for a reduction reactidthout coupled chemical

reactions; this behavior is related to the bloclahthe electrode surface during the grafting.

11.6.2. Stability of the layers
The layers formed during the grafting of diazonisaits are very stable, they resist prolonged

ultrasonic cleaning (ACN, dimethylformamide, dimgtisulfoxide, benzene, benzonitrile,
acetone, methanol, ethanol, dichloromethane andrafiorm for 15 min each), boiling in
different solvents and a long time of exposure mi@nt conditioné®®. The resistance of
these layers in the case 4-bromophenyl groupsegtadn Si is 2 min when treated with
aggressive 40% solution of hydrofluoric acid and anin when treated with a 10 mol/L
solution of ammonium fluorid€®. In the case of SiH grafted with bromophenyl gmupe
layers are stable in air 6 months and no loss eBthsignal is observed during this tifig.
The existence of the bond between the substrateh@ndrganic layer has been calculated by
the Density Functional Theory (DFT), this bondimgergy is highest on silicon with the value
of -292.6 kd/mol, -171.4 kd/mol on iron and -10KJ&nol on goléf**.

[1.6.3. Different diazonium salts
The grafted diazonium cations include a variety sobstituents (methyli-butyl, ethyl,

naphtyl, carbonyl, anthraquinonyl, carboxyl, cyafiopro, perfluoro chains, chloro, bromo,

iodo, etc) but also large or complex molecules,sofmwhich are presented in Table 1.

Usually the grafting reaction is performed using@zdinium tetrafluoroborates in ACN +
electrolyté®™® or it can be performed in aciffi€**®! neutraf*”! or basi€*®! aqueous media
(in these last two cases, diazoates are the reaspigcies). Grafting can also be performed
directly without isolation of diazonium salts thghuthe in sitd procedure starting from an
aromatic amine and adding sodium nitrite at lowiptdcidic mediurf#*¥1?°4 or by dissolving
the amine in ACN and addirtegbutylnitrite/®>°.
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Table 1. Some interesting grafted diazonium salt sictures and their uses.

[e] o—
N +4<;yso %so CF BFJM@O/—\OI /
2 2 2 3
(preation, on GC, of an interface, which

(during the reduction of the zwitterions, akr'* >~ _
resists non specific adsorption of prot&fy

electrolyte layer is formed®)

(covalent attachment of the ruthenit (construction of organometallic electrodes,
complexes to carbon nanotudd¥, the| Which have approximately a monolay
reduced form of the grafted complex Surface covera ! of redox species)

shows strong affinity toward G&>4)

]\ s

N S\ BF, N}{lys—(w2)—(CF2)570F3
2

(reversible tunable electrochemical | (grafted layers show outstanding wear

switches haVi[r;ge]?s Sg%)ode-like behavior| resistance with low contact resistafé )

NZ@S\
S<©>CI

{
N2+—<: :>—// /S
(provides a monolayer of thiophenolate after

(provides a monolayer of benzaldehydi electrochemical reductive cleavage §&p)
after chemical acid cleavage st&p)

diazotized PRO TEIN B&'Nz@ = ( )= @—COOH
O,N

(reaction of amino groups from rabbit IgG

proteins with 4-aminophenylacetic ac|dwiring enzymes to electrodes to achieve
“in situ” diazotation of these aminpdirect electron transfer to native glucose
groups and covalent attachment of thexydasé®®!)

protein to the surfa&é?)

[1.6.4. Different grafting methods
The reduction of diazonium salts can also be speatas on reducing met&f§/13471262 op

glassy carbdif!, carbon nanotubB&’, graphen®®® | diamon&®¥, and carbon black, but
also on silicol®. The spontaneous reduction of a particular diamonsalt on metals
depends on the reducing power of the metal (ib¥edl the order of open circuit potential) and
the reduction potential of the salt; reduction isrenefficient with more reducing metals and
with more easily reducible diazonium sEf8. Spontaneous grafting on copper is less

efficient in acidic water than in acetonitfif€. During the spontaneous modification of gold
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by 4-nitrobenzenediazonium (NBD) in 0.1 M,$0O, at open-circuit potential, it has been
proposed, rather surprisingly, that the graftinacten involves electron transfer from gold to
the NBD catioff*®.

Spontaneous or electrochemical grafting in neuarad basic aqueous media involves a
different grafting mechanism; in these media, tlezahium salts react with hydroxyl ions
forming transient diazohydroxides, which are depmated to diazoates which in turn react
with the surfac®®. In the case of GC, in organic media, spontanepafing only occurs
with 4-nitrobenzenediazonium which is easily retieiand the grafting does not take place
with diazoniums that are less reducible (diethyhireodiphenyl and triphenylaniline). The
electrochemical grafting of diazoniums is possiblenany ionic liquids; in such media, the

grafting efficiency decreases with ionic liquid adsity 2!

The grafting can be initiated by irradiating chatgensfer complexes (including an electron
donor such as dimethoxybenzene and a diazoniur gatlh this method various polymers
such as polypropylene, polyethylteraphtalate asd alorganic substrates such as SiON

could be derivatizet®®!.

Reduction in solution (using
reducing agents)

UV irradiation

. . Ball millin
Electrochemical reduction 9

.
Microwaves D + NZ@R EE— D@R

. Scribin
Spontaneous reduction 9 Ultrasounds

Temperature

Figurll. Different means to initiate the diazonium gafting.

The formation of an organic layer, on different sinéites, by reduction of diazonium cations
can be achieved with hydrophosphorous acid as neglugent; in this manner, graphite,
carbon nanotubes and carbon powder have been tizeiV%’”. Modification of CNT with
diazonium salts can be assisted by microW&¥egthe modification of nanohorns can be
achieved in solvent free process by using microwavadiatiod’”) or by thermal
reactiof®®. Ultrasounds can be also used as a mean to peroafting (diamont®,
ITOB%), On SiQ, the formation of an organic layer can be achievedimply scribing it

with a diamond in the presence of 4-nitrobenzermedimm®’!. The GC spheres are modified
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by an organic film through a ball milling reactiomith diazonium salts (nitrophenyl,

anthraquinonylbenzene diazonium).

[1.6.5. Post grafting modification
Due to the impossible isolation of diazonium sdhat contain an amino group attached

directly to the phenyl ring (the amino group is @d nucleophile and thus reacts with the
diazo group), the general methodology to obtainraftgd layer containing amino groups
involves grafting the nitrobenzenediazonium satt #ren reducing the grafted layer to amino
groups (Figure 12); however the - P@roups are not totally converted to —NHt is

interesting to note that this electrochemical tramsation of —NQ to -NH, is substrate

dependent - the rate of electron transfer for threversion is lower on gold than on glassy
carbon and the conversion by chronoamperometrgeuthe same conditions) is only

complete on gold but not on glassy caf®dh

PR _
—@—NOZ + AH' + 4de > @‘@—NH—OH + H,0
—
)
—@—NH—OH + 2H" + 2¢ ——>» @Q—NHz
— 1

Figure. 12. The mechanism for the electrochemicaleduction in acidic aqua media of the grafted layecontaining -
NO, group into —NH, group.

Another possibility to attach the aminophenyl grasiphe protection/deprotection approach -
first the protected diazonium NHBoc-Gi&sH4-N." (Boc =tert-Butyloxycarbonyl) is grafted
and then deprotected to give the —-Nitoup>"®!. The elegant and simpler solution that avoids
the deprotection step involves the use of diamthes are monodiazotized; this is usually
done in an acidic solution by adding 1 equivaldnsadium nitrite to the amifig“E™! put
this transformation is also possible in organioents using amine + 1 equivalent of isoamyl

nitrite.

It is possible to graft simultaneously two differeliazonium salts on GC by using mixtures
of two diazoniums: 1) 4-nitrophenyldiazonium antrémophenyl diazonium cations and 2)
4-bromophenyl diazonium and N,N-diethylaniline dinmim cations. The higher grafting
efficiency is obtained with the substituted phemybup for which the corresponding

diazonium cation is the most easily reduced. ltsfase proportion is higher than its

-19 -



Chapterl | Surface coatings, a Review

proportion in the deposition soluti8f?. Grafting layers on top of each other is obtaibgd
attaching a rather thick conductive polyphenylemget to the substrate and then grafting 4-
nitrobenzenediazonium or 4-bromophenyl diazoniumtamof the first polymer layer. The

deposition of copper is also possible on the payptene laydi®.

The surface functionality of the grafted layer dam changed through electrochemical or
chemical post transformation. The grafted layemibfophenyl groups can be transformed
through electrochemical reduction into phenylhygtamine groups (-1.7 V/Ag wire in
ACN). The transformation of a phenylcarboxylic layehemically (1 M BH/THF) or
electrochemically into a benzylalcohol layer is oalpossiblE’”. The grafted layer of
benzylchloride GC-CsH4CH,-Cl) on GC can be chemically modified with 4,4 -pialine at
room temperature in an aqueous solution with aybrdaction time to givé&sC-CgH4CH,-
("Py)-(Py), Cl. This surface can, in turn, be reacted with beimjide to give GC-CgH4CH,-
(‘Py)-(PY)-CHz-(Py), CI, I'B™® The amino group of the GC grafted with 4-(2-
aminoethyl)phenyl groups layer can be transforrmta @n urea function by reaction with p-
substituted phenylisocyanates (ONC-PhX; X =:NOOPh, CI, H, and NMg; this is done by
immersing the grafted layer containing the aminougrin a 20 mM solution of isocyante in
toluene for several hod#§”. Nucleophilic reactions using thiolates as nuchéles can be
performed on grafted carbon felt functionalized hwa benzyl chloride layer using an
extended reaction time (t = 108 h ) and elevateg&atures in order to increase the reaction
yieldd'®. Grafting covalently protected amino group BocNHCkH4, removing the Boc
group (a, Figure 13) and reacting with anthraquéoamboxylic acid (as redox model) (b,

Figure 13), gives a layer with bonded anthraquirgnoeip&®.,

O 050
NHBoc

Figure. 13. Attachment of anthraquione to a carbon surface through a protection-depitection method.

The reduction of a grafted nitrophenyl layer toaaminophenyl layer and the attachment of
EDTA molecule to the —NjIgroups in the presence of a coupling agent is péssible to

obtain a complexing layéf™.

The grafted surface can be used for anchoring rjeashike fullereng®?, nanotubgd®?38"]

and nanoparticul &88-394
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[1.6.6. Monolayer vs. multilayer
During the grafting, depending on the experimegtaiditions and on the molecule to be

grafted, layers can vary from nanometer to micreméticknes&®2%! _ j e, ranging from

monolayer§3IEsoI9213938l 4 my|tilayers?4e),

The mechanism for the electrochemical attachmenargk groups to carbon or metallic
surfaces has been assigned to the reaction ofyamaalical, produced concertedly with the
electron transfer to the diazonium salt, and furtteaction of this radical with the carbon
surface R1 + R2in Figure 14). The transfer of a second electroartother diazonium salt
leads to the formation of dinitrogen and a newaakliwhich would attack the first grafted
nitrophenyl group to give a cyclohexadienyl radiaking reactiorR3. In order for the layer
to grow, this radical must be reoxidized - this d@nachieved by electron exchange with
another nitrophenyl diazonium cation along react® Due to high reactivity of the
diazonium salts, multilayered films are formed edeming spontaneous modification of gold

in acidic medi&*®!,

@ +N

Figure. 14. The mechamdor the formation of multilayer during the grafti ng of diazoniums.

The formation of monolayer films can be achieved grgcisely controlling the cycling

conditions in cyclic voltammetry; on PPF, this ane by a single scan from -0.4 to -0.6V/ vs.
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Ag'/Ag (scan rate = 200 mV/s) in a 1 mM concentratioh biphenyl and 4-
nitrobiphenyldiazonium salt in acetonitrile; conselly upon repetitive scans, the formation of
poly 4-nitrophenylene multilayers is achie’8d. By monitoring the charge Q and by proper
choice of the potential during the grafting of Siwith bromophenyl and bromobenzyl

diazonium, it is possible to obtain dense and ed@enonolayef&*!

By using the diazonium salt of diaryl disulfidesridg the grafting, a multilayer of diaryl
disulfide is obtained, which is reductively cleaved a monolayer of thiophenolate (the
thickness of the layers, measured by AFM, is 3#d B5+0.5 nm respectively before or after
the cleaving step) (Figure 15&f! . This same “formation/degradation” approach hesn
applied to hydrazones in which the first step is ¢nafting of a long-chain of bulky alkyl
hydrazone to minimize multilayer formation and gexond step is the deprotection of this
group by acidic hydrolysis to give a monolayer bepylcarboxaldehyde groupe=4x10*°
mol/cn?) (Figure 15 B§* .

A s—s
Eaxa
S, cl| — s
\?y‘ .S O cl
0 O
s—s

B. N
— e 0
4 / _— /
H
A\‘/HZO, H,SO, 2%EtOH

Figure. 15. Grafting a monolayer using the “formafon/degradation” approach : A) using the formation of a
multilayer of diaryl disulfides and its reductive deavage to a monolayer of nucleophilic thiophenota %% and B)
using a grafted long chain alkyl hydrazone and itsleavage in acidic media to a monolayer of benzaldgde®.

Elegant control to form a monolayer is the use tafris effects during the grafting of
diazoniums, by properly choosing the moleculescstine: no grafting is observed with
2-ethyl or 2,6-dimethylbenzenediazonium tertrafbomrate, a monolayer is obtained with
3,54-butyl benzenediazonium and multilayers are produaéh 2-, 3-methyl, 2-methoxy,

3,5-dimethyl, 4t-butylbenzenediazonium catiofsy.
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Grafting of 4-nitrobenzenediazoniumtetrafluoroberatn an ionic liquid (1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imidpn GC, points to the formation of
monolayer although this conclusion is based only tbe measurements of surface

concentration, which is not really reliable in thas&9°),

[1.6.7. Patterning using the reduction of diazonsum
Nanoscale patterning of PPE2(um wide patterns) is performed by grafting the ensiarface,

removing the grafted film with an AFM tip and sedografting of the scratched zone with
another diazonium salt; this permits to incorpordiféerent chemical functionalities in the
pattertt®®. Patterning of different types of substrates (8u, Si, PPF) is also done by micro
contact printing using poly(dimethylsiloxane) stampked with aqueous acidic solutions of
aryldiazonium (aminophenyl or carboxyphenyl diazom) salts; this permits to obtain
~20um wide patterd® 3%l | ocal doping of semiconductors can be used tonfdpm

patterns on the dopped z6iid.

Grafted domains of 50 um? on ITO are obtained by using polystyrene bedfs Auto
organized arrays of polystyrene beads are usedask itne surface of gold; then, nanoscale
patterns of an organic layer are grafted on the skatharea. After grafting, the patterns are
revealed by the removal of the polystyrene beafisrming an imprint of aryl layers with

holes on which copper can be deposited or diffeseganic layers can be graftéd.

A localized &40 um wide) grafted pattern is obtained through thetedehemical conversion
of a nitrobenzene derivative (c=1 mM, in soluti@ntaining an equivalent amount of sodium
nitrite) using an SECM tip (positioned i6n from the gold substrate, under potentiostatic
conditions, -0.4 V for 5 s). The electrochemicahweersion gives an aniline derivative, which
is diazotized and then grafted to a gold subst(pt#arized at -0.1 V). Nitrobenzene is
reduced to an amine at the SECM tip; as anilinisifs to the substrate, it is diazotized in the
tip-to-substrate gap and attaches to the sub$ffatdsing SECM in a three-electrode
configuration, by positioning a Pt microelectroderying as a microanode) above the gold
substrate (polarized at -0.5 V) in a solution earihg 5 mM 4-azidobenzenediazonium + 0.1
M NBu4BF,, it is possible to obtain localized grafted spetsose size can be tuned by
choosing the tip diameter and the tip-gold plattatice. With a grafting time of 10 ms and by
using a 5Qum diameter tip, the size of the grafted spot depemdthe tip-substrate distance:

500um grafted spots are obtained when the electrogesgioned=3 um above the substrate

-23 -



Chapterl | Surface coatings, a Review

and much smaller spot when the electrode is positiat=1.5um. Reducing the tip diameter

leads to smaller grafted sp8f4.

[1.6.8. Techniques for the characterization of gnafted layers
The characterization of the formed layers is adtewsing a vast number of different

techniques: cyclic voltammetry, EIS (Electrocherhitapedance Spectroscopy), infrared
spectroscopy (IRRAS -InfraRed Reflexion AbsorbtidBpectroscopy-, PMIRRAS -
Polarization Modulation IRRAS-), SEM (Scanning Etea Microscopy), AFM (Atomic
force Microscopy), XPS (X-ray Photoelectron Spestmpy), EDS (Energy Dispersion
Spectroscopy), Tof-SIMS (Time of Flight Secondaon IMass Spectroscopy), Rutherford
Backscattering, EQCM (Electrochemical Quartz Crystal Microbalance) etom$ of

interesting informations about the grafted laydr lae included for each technique:

Cyclic voltammetryis used to perform grafting, to analyze the swfaod to calculate the
concentration of the grafted group if the lattes hadox propreties (as explained below, this
method should be used whith great dat8) and to analyze the blocking behavior of the
layer. When the electrode is modified electrochaithicwith a diazonium salt containing a
redox group (nitrophenyl, anthraquinonyl), the rettchn potential of this group, in the layer,
does not change very much from one substrate tthanand is similar to that of the parent
compound (nitrobenzene, anthraquinone) in the saoheion*®. For example, in the case of
layers containing nitro groups, the presence o tioup is observed by scanning the
modified electrode at negative potential and carsid) a reduction peak related to the
transformation of the nitro group into amino andigdroxylamino groups in aqueous acidic
solution. The presence of grafted anthraquinonegg®n the modified SWNTs is observed
by depositing the modified SWCNTs on an electrodd performing voltammetric scans
from 0.2 to—0.5V vs. SCE (in a buffer solution of pH=1). Aftermse scans, two peaks are
observed in the 0/ -0.3 V vs. SCE range. They spord to the transformation of the
quinonyl into an hydroquinolyl group, thus demoastrg electrochemically the attachment of

the anthraquinone molecule to the SWCKFPs

The reduction of diazoniums on gold sometimes gse to multi peaks; this is related to the
gold multicristalline structure of the gold eleateo The reduction on Au(111) facets gives a
single narrow reduction peak, but when the reduacisoperformed on Au(100) facets, two

reduction peaks are observed. On a polycrystadlleetrode, during the cyclic voltammetry,
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each observed sub peak corresponds to the reduofiothe molecule on a distinct

crystallographic sité&".

The indirect evaluation of the grafting and thedevice of an organic layer on the electrode
surface are achieved simply by cyclic voltammetsyng redox probes (a redox couple in
solution, such as ferrocene/ferricinium or ferroifeyanide). This probe presents a fast
reversible behavior on a clean unmodified electrodlet on a modified electrode, the
voltammogram corresponds to a much slower eledteorsfer or even completely disappears.
The observed blocking behavior of the electrodstrisngly influenced by a number of factors
among which the choosen redox probe (charged gramat the compacity of the layers (for

example, an aminophenyl layer is more compact éhaitrophenyl layer).

'"" no grafting "'
2.
" grafting "'
48 -06 04 02 0 02 04 08 06 04 02 0 02 04
EViAgiAgCl FV/Ag/AgCl
3.
0
a-:
CHy HiC .
= b ' monolayer "

14 1 0.6 02
ViAgiagcl)

Figure. 16. Influence of the steric effects on the voltammetridoehavior during the grafting of 4 mM substituted
diazoniums salts in ACN + 0.1M NBBF,, Reference Ag/AgCl, 1,2) 2 mm glassy carbon electrode, scan rate 0.1 V.s
3) 1 mm copper electrode, scan rate 50 mV's 1) (A) 2,6-dimethylbenzene diazonium, (a) first, (bjsecond, and (c)
tenth scan, and (B) 2-ethylbenzenediazonium, (a)rét, (b) second, and (c) fourth scan2) (A) 2,4- and (B) 3,5-
dimethylbenzene diazonium, (a) first, (b) second, cf third, and (d) fourth scan®¥ 3) 35-bistert
butylbenzenediazonium (a) first scan; (b) seconctan; (0) blank®%?,

The grafting efficiency on diamond depends stromgliyits surface terminal groups, by cyclic
voltammetry, during the attachment of 4-nitrobere#azonium tetrafluoroborate on the —H
and —OH terminated diamond, the cathodic pealodateéd at the same potential in both

cases, but the obtained current is 3 times higmerld than —OH terminated diamond,
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reflecting better grafting efficiency on the fimhe, on —O terminated diamond the reduction
peak shifts toward more negative potential withgmiicantly smaller currents indicating a

lesser grafting efficiené$.

When grafting the 3,5-dHbenzenediazonium tetrafluoroborate (Figure 16.t1%, current
decreases slowly. In this case, the first grafssed contains bulky steric groups that prevent
further attack of 3,5-bisbutylphenyl radicals on this layer. As a conseqeeaanonolayer is
obtaine&®?. Conversely, during the grafting of 2,6-dimethyl 2ethyl benzenediazonium
cations (Figure 16. 1), the successive scans argit@l to the first one, indicating that, upon
reduction, these diazoniums do not graft to thdasdr®!. In the case of other diazonium
salts with various substituents on different posii (2-, 3-methyl, 2-methoxy, 3,5- dimethyl,
4-t-butyl), the cyclic voltammograms are those usualbgerved during grafting (Figure 16.
2), the first reduction wave its observed and acosd or third scan, the surface is blocked

and the peak disappe&rd.

The electrochemical stability of the films can absevaluated by using redox probes. For a
grafted electrode, the signal of the redox probesoiution may disappear. If the signal
reappears by scanning at very negative or pogitotentials, this indicates that the film has
been removed. For example, this reappearance oétlux probe signal is observed when the
potential reaches negative ca. -2 V vs. SCE ortipest+1.8 V vs. SCE values - this means
that the film is stable from +1.8 to -2 V vs. SE®!,

Infrared and Raman spectroscopypermits to assess the presence of organic layers
reflective substrates. They can be used to asoetite presence of a specific functional
groups or its transformation in the grafted 1&/&8 For example, the FTIR spectrum of CNTs
modified with anthraquinone groups, measured ukiBg pellet technique in the 1000- 2300
cm’ region, shows the peaks related to 1695" @=O stretching mode (of the quinonyl
group) and 2926, 2858 ¢h{C-H stretchf®®l. Some features for this technique are shown in
Table 2.

A gold wafer modified with 4-nitrobenzenediazoniland analyzed by IRRAS contains a
significant amount of physisorbed material (thedoicts formed, in solution, upon reduction
of the diazonium salt). The decreased intensity-NO, stretch of the grafted plate upon
sonication in ACN indicates the presence of only%5of the final grafted material, the

remaining products being only deposited/adsorbmithe film*'¥ . Spontaneous grafting of
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metals by simply dipping them in a diazonium salluson can be observed through the

increase of the peaks intensity with the immersiore (Figure 17§,

The bulk Raman spectra of grafted groups are viemjlas to those of the parent molecule.
However, when a monolayer of azobenzene is gradte@C, the vibration band at 1240-
1280cnt, which is not observed in the parent moleculeresponds to the covalent —C-C-
bond between the GC and the layer. It is possibleltserve by Raman spectroscopy the
rotation of the grafted nitroazobenzene (NAB) gratiphe graphite edge plane about the C-C
bond of the NAB/carbon interface by observing tlepalarization ratid®”. In the case of
the spontaneous modification of the graphene layath the 4-nitrobenzenediazonium
cation, it is possible to demonstrate, using camfétaman spectroscopy, that diazonium ions
preferably bind to single layer graphene and ondakly to bi-layered areas. This shows
different reactivities of the single and bi-lay@aghene. In addition, grafting on graphene is a
two-step mechanism, the first step being the adisorpf the diazonium cation onto graphene
(see Chapter %5,
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Figure. 17. Influence of immersion time on FT-IRRASreflection spectra of nitrophenyl modified Zn surfaces.
Modification of zinc surfaces consists in dipping lie substrate in 10 mM 4-nitrobenzenediazonium tetriduoroborate
solution in ACN for 5, 30 and 120 mik%?.

The orientation of molecules on PPF can be detethby Raman spectroscopy, using the
selection rules for molecules on a surface. Onédyabmponents of the dipoles parralel to the
vector of the polarized light are excited and gige to adsorption. The average tilt angle with
respect to the surface normal of 4-nitroazobenre6&.0 £ 4.5° and 44.2 £ 5.4° for fluorene,

azobenzene, biphenyl, nitrobiphenyl (these laysrsraupright orientationfy %!,
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Table. 2. IRRAS (A), (B) PMIRRAS and (C) Raman speitoscopy characterization of grafted layers

Grafted molecule structure

Assigned to:

W

3016 cm* aromatic C-H stretching
2930-2850 crit aliphatic C-H

O stretching
1590 cni' arr(r)JImatic C=C stretching
1480-1500 cm ring breathing
l4°61 (A) 1245 cnt phenyl-N stretching
- 1589 cnt  ring breathing
1344 cnt  symmetric N@stretching
O 1110 cm C-N stretch + ring
stretching
@ 1080(w) cni CH in-plane bending
Bl (C) 852 cm® ONO scissor + ring
stretching
412 cm'  Au-C stretch
NO,
O 1600 cm*  ring breathing
1522 cm*  NO, asymmetric stretching
L Fe Joeg (B) 1350 cmt NO, symmetric stretching

[296] (B)

1658 cm'
1311 cmt
vibrations
1278 cmt
vibrations
805 cm*

carbonyl group
aromatic in-plane CH

aromatic in-plane CH

CH out-of-plane

T
P

m

L

[297] (A)

1670 cmt
1410 cmt
1050 cmt

C=C stretching
C=C stretching
CF stretching

NH,
[374] A)

“in situ ”

3440 cm' (w) NH bond stretching
1617 cmt deformation of N-H in Nkl
1515 cnit ring breathing

1273 cnt aromatic C-N stretching
908 cmi* aromatic C-H out-of- plane

XPS (X-ray photoelectron spectroscop\gives information about the surface concentration

of the elements and about the thickness of the flome features of the use of this technique

are shown on Table 3.
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The grafted layers of azobenzene and 4-nitroaz@mengroups on GC give the expected N1s
signal for a monolayer coverage. This surface @myer is calculated by integration of the
nitrogen peaks areas and by comparison with thep@ak,I' = 1.4x10'° mol/cnt.[**”! The
angle-resolved XPS Cls spectra of a grafted layet-carboxyphenyl groups evidence a
carbide type bond corresponding to the bonding éetwFe and an organic layer, pointing to
the covalent nature of this interface bondifig. In the case of grafted films on copper or
CwO, the observed XPS peaks indicate the presenCe-@-C and a Cu-C covalembnding
between the aryl ring and the substrate, afdigh multilayer coverage containing different

percentages of azo groliss.

Table. 3. XPS energy peaks of different garted dmnium molecules

Grafted molecule structure Assignments (eV)
Nz 399.4 eV N1s organic nitrogen
400.1 eV N1s azo bridges
285.5 eV C1s carbon attached to amino groups
284.4 eV and 284.9eV Cls carbon of aromatic
rings

622-633 eV 13d iodine doublet (a)
406 eV Nls in N@(b)

-

(Au ) (Metal)

[298]

399.9 eV N1s, nitrogen in N-H
406.1 eV Nls, nitrogen in N-O
531.7 eV Ols, oxygen in O-N
286.9 eV Cl1s, carbon in C-O, C=0
286.0 eV Cl1s, carbon in C-C

NO,

[284]

AFM (Atomic Force Microscopy)— permits to visualize surfaces and to measurdiliine

thicknesses on a nanometric scale.

The thicknesses of the films can be measured by ARMery flat surfaces such as PPF by
scratching the layer with an AFM tip without camgithe hard PPF surface and measuring,
with another tip, the depth of the depression. Alde AFM cantilever can also be used; then,

the thickness between the scratched and pristessaran be measured during the scratching.
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A precise potential cycling can be used to corttnel formation of a monolayer, that can be
controled by AFM scratching and by analyzing theghe of these scratched areas with

respect to the non-scratched ones (Figur&>B)

oV -02v A
mean= 0,738 nm nean= 0,832 no SN
% FSD =43 % RE0=43

10 nm
onm
04V 08V
riean= 0,968 nm maan= 1,862 nm
S RSD=-33 % RED=13

Figure. 18. Tapping mode images for a biphenyl-mofied PPF surface following a contact mode scratchSingle
derivatization scans from +0.4 to 0, -0.2, -0.4, dn-0.6 V vs Ag/Ag+ were used to modify the PPF swate, as
indicated!?®,

Using this approach during the grafting of 4-nigobene or 4’-nitroazobenzene-4-
benzenediazonium, it was shown that the film ineesawith the modification time. It is also
evidenced that the films formed on PPF during grgfin acetonitrile have a higher limiting
thickness than those in aqueous media (collapsed)fi This thickness increases with the
deposition time to a limiting value but also depemah the structure of the diazonium salt:
thicker films are obtained for 4-nitrobenzene thaior 4'-nitroazobenzene-4-

benzenediazoniufii®.

Figure. 19. AFM images of: bare zinc, bare nickel, and Zn and Ni surfaces modified with
diethylaminobenzenediazonium by immersion of the saple for 5 min and 15 h in 10 mM 4-nitrobenzenediaanium
tetrafluoroborate solution in ACN %2,
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During the spontaneous grafting of metals by sim@igping them into a solution of
diazonium salt + acetonitrile, AFM permits to shtvat grafting is more efficient when the

metal is more reductive and also that the layewgnaith the dipping time (Figure 1%,

SEM, TEM (Scanning Electron Microscopy, Transmission Eleotr Microscopy)are used

to observe, measure or obtain chemical informatiothe grafted layer.

The surface morphology of graphite flakes can beseoked after grafting
4-nitrobenzenediazoniuma and further transformihg fgrafted nitrophenyl groups to
aminophenyl groups and then to aryldiazonium groiyssng tert-butylnitrite). Finally, the
covalent attachment of silicon powder onto the rfiedigraphene flakes (Figure 20) can also

be observed by SEM, and the silicon particle cayeris calculated by EDX (2.6x1D
[245]

particles/crf)

Graphite flake
Graphite flake

Figure. 20. SEM image of the modified graphite flak a) with 4-aminophenyl groups and b) subsequent
transformation of —NH, group into diazo group followed by the covalent aachment of Si particle$*®.

When the oxide powder, 1iV30g, is modified with the 4-nitrobenzenediazonium eat{by
chronopotentiometry), the increase of the layee sszvisible on TEM images. Its thickness
changes with the modification time (Figure 21), Ilfs=nm (and formation of nodules) for

t=10 min and th=2 nm (homogeneous layer coverihih@ powder nanograins) for t=60 min
[410]

Figure. 21. TEM image of the modified oxide powdeli; V30g with 4-nitrobenzene layer b) t=10min and c)
t=60min 110,

During the grafting of HOPG, as observed by STM #nyl layer formation is initiated at

cleavage steps and later the film nucleation ocoarthe basal plane at sites, which are likely
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atomic scale defects (Figure 22). The film contsxte grow both in 2- and 3-dimension

through the radical binding on the entire surf4fe

200 nm

Figure. 22. Constant-current STM image (650 x 650m?) of a HOPG substrate collected in air following Zeposition
cycles in 0.5 mM 4-diazaN, N-diethylaniline fluoroborate. Bias voltage ) 100 mytunneling current) 100 pA24®),

Observation of STM images of SiH grafted with brghenyl under controlled charge
conditions, shows the formation of an organized ofeyer made of bromophenyl groups on
the SiH surface. The modified layer derives fromtthf SiH by a (13)R30 transformation

and the surface concentration is measurdd=as7x10°mol cni? 2331

Figure. 23. STM 5nm x 5nm image of: a) SiH (111)surface and b) the same surface modified by bromphgl
groups3!,

ToF-SIMS (Time of flight Secondary lon Mass Spectwopy). The mass peaks
corresponding to fragments of the layer or fragmesiitained both from the layer and the
substrate permit to characterize both the layeri@nidonding to the surface. In the case of a
layer obtained on GC by grafting 4-perfluorohexgphldiazonium tetrafluoroborate, the
layer contains polymeric mass fragmer@#ip-CH,-CsH3CsF13-CsH4CeF13]* corresponding to
the polymeric chain and to the carbon substratéhdrsame way, the films of 4-bromophenyl
groups contain [gHs-CgH4Br]™ fragments, those of 4-carboxyphenyl groups contain
fragments such as [OCGEH,CsH,COOHJ, [CyH130s]. Such observations strongly

evidence for the formation of multilayer films. Thgrafting efficiency is higher on
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electrochemically modified plates than on spontasgografted ones; this can be assessed by

analyzing and comparing the intensity of the masgrhent$?.

EQCM (Electrochemical Quartz Crystal Micro BalanceThis mass sensitive technique can
analyze simply the mass variation during the gngftireaction. When grafting very
passivating diazonium salts, the effect of theamefpassivisation is observed directly during
the first potential scan in which nearly all theswaariation is observed; during the further
scan cycles, no mass variation is observed. Thisna the case with the 4-
nitrobenzenediazonium salt: the largest mass ef$eobserved during the first scan but the
mass increase is still observable during successiarS™?.

Thermogravimetric analysis (TGAJThe thermal stability of functionalized carbon aarbes
(CNTs) is assessed by monitoring the mass lossgl@itemperature increase (from 100 —
1000 °C under inert atmosphere) by comparison thighunmodified ones. The native CNTs
present a mass loss when the temperature reacB85SC-{caused by the desorption of water
molecules); this loss is less significant for thedified CNTs. When rising the temperature to
175-700°C, the modified CNTs show a mass loss, wigcvery small compared to a non
modified one; this mass loss is more pronouncetl6&t225°C and continues up to 700°C
%3 From TGA data, the 24 % mass loss of microwavelifienl carbon nanohorns [using
NH,-CgHs-O(CH,)s-NH-Boc + isoamylnitrite) ] corresponds to the mese of one grafted

functional group for every 54 carbon atdhs.

11.6.9. Applications of diazonium salts graftingaoions.
Layers modified by reduction of diazonium salts arsed for bonding polyméf&?,

biomacromolecules and nanopartictff&&*3®l In this way, diazonium salts can be considered

ascoupling agents.

When iron is grafted with different diazonium saltse grafting layer prevents the oxidation
of iron -itinhibits corrosion- Iron grafted with different diazonium salts wasted in 0.01 M
H,SO, at open circuit potential. The film shows anticsive effects with an inhibition
efficiency of 73% (in the case of grafted carboxepyl groups) with a slight increase to 85 %
when the grafted layer is further derivatized vattyltriethoxysilane. When the grafted metal
is left in the corrosion medium in the presencetha dissolved diazonium the inhibition
efficiency increases up to 97 . No corrosion could be observed when the ironaserf
grafted with phenylcarboxylate functions is furthaodified with a thick polymeric film

through attachment of poly(1,2-propanediyl fumaf&té Modifying the surface of iron with
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a layer of -GH4,-CHs permits to observe an inhibition efficiency againsrrosion, which
decreases from 78.1% to 53.6% after respectiv@yafd 4.0 h of immersion in a solution of
oxygenated 0.5 M Naci*3!,

Grafing is also used to construgttalytic surfacesor oxidation (HO.***, methandf*®)) or

for reduction (nitraté'!, dihydroge#*®, oxygen™'™).

It is also applied imanoelectronic¥™® — to build different devices such as molecular
junctions”® transistoré?® negative differential resistané®d, etc. In optoelectronic
applications, grafting involves the attachment ohjagated molecules to the substrate to
obtain increased photocurreft&*?], In batteries(Li-ion), grafting is used to stabilize and

245]

improve batteries performan&&824I419 |n thefuel cell and hydrogertechnology, grafting

is performed on catalyst supports or catalysts mprove the final catalytic electrode

performance&**42¢!

Modifying nanomaterials with diazonium salts in@ea theirsolubility and their dispersion
in different solvents (the solubility can be tunagd attaching a chosen specific diazonium)

2731 1t also allows to separate metallic nanotubesfsemiconductive oné€”.

Different molecules or biomolecules can be covdyeattached to surfaces opening vast
possibilities for the construction of differesgensor§?® (Table 4). The sensing layer can be
the grafted aryl layer itsélf>*** or a platform constructed from diazonium salts satted

with linkers and then sensing grotfps**.
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Table. 4. Some sensors constructed by diazonium dtiag.

Grafted layer of diazoum andgrafted materie

Used fo

Limits of detection, performan

Ref.

NO,

HO
Carbon screen printed electrode.

determination of ascorbic aci
in fruit and vegetable juices

dDetection of ascorbic acid from 2-20/, detection limit 0.86.:M, stable
for 5 months with measurement taken every weels (@donly 16 % of its
initial response during the whole period)

[429]

HCO o\
NH :
OCHs

Carbon-fiber microelectrode.

measuring real-time
physiological pH changes in
biological microenvironments

pH-dependent anodic peak potential response, Bétysito acidic and
basic changes detectable to 0.005 pH units. Usedetsure dynamim
vivo pH changes occuring during neurotransmitter reldasthe centra
nervous system of the microanalytical model organier Drosophila
melanogaster.

[430]

WNHZ

The grafted —Nkllayer on GC serves as a binder f
amino-modified probe DNA.

label-free electrochemical
impedance spectroscopy
method for sequence-specifi

or detection of DNA

the sensor response increases linearly with theritbgn of concentratior
of target DNA in the range 2x18§+2x10° M. The limit is equivalent tc
Cthe detection of circa 4xiGopies of DNA in a 7uL droplet or circa
5.7x10? DNA copies in one litre of sample.

[431]

NO,

Screenprinted carbon electrode is grafted with N
the -NQ is transformed electrochemically in
-NH,, followed by cross linking to the horseradi
peroxidase (HRP) by using glutaraldehyde.

determination of KO,

the HRP-modified electrode displays electrocatalwgiitivity towards the
reduction of hydrogen peroxide {8;), without any mediator. }D, is
determined in a linear range from 5.0 mM to 50.0 ,nwiith a detection
limit of 1.0 mM.

[435]

NO,

Screenprinted gold electrode is grafted with NE
the -NQ is transformed electrochemically in -B/H
followed by immobilizing the tyrosinase enzyme
using glutaraldehyde.

D,total phenolic content in tea

by

catechol displays the highest sensitivity (36.3 A and the lowes
limit of detection (0.1umolL™). The biosensor is successfully applied
the detection of polyphenols in tea samples.

to [436]
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D_@S%H determination of dopamine

Carbon fiber microelectrode.

NO,

[

Screenprinted carbon electrode is grafted with NED  getermination of biogenic
the -NQ is transformed electrochemically into -NH amines

followed by covalent immobilization of enzymes,

monoamine oxidase (MAQO) /horseradish peroxidase

(HRP) and diamine oxidase (DAO) /horseradish

peroxidase (HRP)], by using hydroxysuccinimide

and carbodiimide.

COOH

%

determination of Cu(ll)

Carbon-based screen-printed electrode.

coon determination of U(IV)

o

Carbon-based screen-printed electrode.

NO,

s

. : ) determination of Ag(l)
GC is grafted with NBD, the -NQis transformed

electrochemically into -NH followed by covalent
immobilization of N-(2-aminoethyl)-4,4'-bipyridine

increased sensitivity to dopamine and other paditicharged analyte
that is due to increased adsorption of analytenéengrafted layer. Whel
this electrode is used in mouse brain slices, basethe signal to-noist
ratios, a detection limit of 30 nM dopamine is cédted. This is &
detection limit lower, by a factor of 5, than thafta bare non modifiec
electrode.

linear response range from 0.2 up to AM and from 0.4 to 2.4M of
histamine is obtained for DAO/HRP and MAO/HRP basédsensors,
respectively. The biosensor construction is higigroducible, yielding
relative standard deviations for the sensivity d%l and 11% for
DAO/HRP and MAO/HRP based biosensors.

detection of the Cu(ll) as low as 5X1@0 1x10® M is achieved by
immersing the grafted electrode in the solutiorthaf analyte for 10 mir
followed by electrochemical measurement of the aedated copper. Ir
natural water measurements ther is no major imemfe2 of Pb(ll) in the
determination of Cu(ll).

detection of the U(IV) with a detection limit 7x10 and 2x10 M

(depending on accumulation time) is achieved by émsimg the grafted
electrode in the solution of the analyte followby electrochemical
measurement. No interference from Zn(ll), Cd(IDb(I® and Cu(ll)

during the measurements.

detection is done electrochemically by preconcéingahe Ag(l) ions on
the modified electrode due to their chemical intéca with bipyridine at
-0.6 V, followed by oxidation of these ions at 39.V. The electrode
reponse is linear in the range 0,09 to 1 uM Ag(l) with a detection limit
of 0.025uM and RSD = 3.6%.

-36 -

[432]

[437]

[433]

[434]

[438]



Chapterl | Surface coatings, a Review

by using glutaraldehyde.

SH a platform for the recognition of complementarygénstranded DNA
detection of target DNA | with a detection limit of 7.2xI8* M, showing a good selectivity, stability 1439

GC electrode is grafted with a mercaptophenyl film and regeneration ability for DNA detection.

on which firstly gold nanoparticules and secondly,
DNA layer is self-assembled.
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[I.7. Reduction of alkyl halides
The surfaces grafted by reduction of alkyl halitfesiude hydrogenated 1%, metals (Fe,

Cu, Auy*uB42l TiN@41l 44144 opdia]

The reduction of alkyl bromides or iodides in dgostygenated ACN (typically 0.2 - 0.4 M
alkyl halide + 0.2 M LiBE , =1.5min ) on SiH, leads to the grafting of alkyl gps as
revealed by IR spectroscopy. During this procebs, peak intensity of the SiH bond
(2120cm') decreases with time, due to the grafting thalaess SiH bonds by Si-C bonds.

R
_ |
RX &= [RX——>R + X R S
— =5
& H

Si —_— Si* + RH
Viﬂ R

Figure. . 28rafting mechanism of the reduction of alkyl haldes on Si-H.

The grafting mechanism proceeds by abstractiohehidrogen atom from the surface Si-H
bond by the alkyl radical (B and formation of the Siradical that further couples with®Rr

is reduced to Sj which reacts by nucleophilic attack with R,

Multilayered films €& 6.54 nm thick) are obtained in the case of thetedlehemical reduction
of IC¢H13 and ICHCH,CgF17 on Cu; their structure is assessed by Tof-SIMS RRRIAS
spectroscopy - the grafted layer contains fragmehthe alkyl chain and also Cu-organic
fragments that confirm the grafting. During theiafging by cyclic voltammetry, a blocking

behavior is observed: the current decreases stagubh repetitive potential scans (Figure 25)
[441]

Reduction of bromo- or iodo- acetonitriles leadsthie cyanomethyl radical, that grafts to
metal surfaces. The radical is reduced into theayeethyl anion at the potential where it is
produced and it also attacks the first grafted oyagthyl radical. This leads to a polymeric
layer (Figure 25), which is thicker on copper tlwaingold; its thickness is on coppef.8 nm,
corresponding te: 17 repeating units. A -Ci&H(NH,) structure is proposed for the fifi{f.
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Figure. 25. Cyclic voltametry on a GC electroded =3 mm) in ACN+ 0.1 M NBuBF, of I(CH,),CgF17 (c =10 mM), (a)
first; (b) second and (c) third scans. Reference A48gCl, v= 0.1V st 441,

N
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Au|+ ‘CH,CN —|Au —CH CN — Au et Au oS Au
2

electrochemical
HzN\ reduction
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Figure. 26. Mechanism ftine formation of an organic layer by electrografting of *CH,CN“4Z,

On HOPG and GC, organic films are formed during té@uction of benzylbromide and
4-nitrobenzylbromide; the thickness of the layers¢éases with the deposition time and they
can be observed by AFM and SEH?!.

[1.8. Reduction of vinylics
Cathodic electrografting of vinylic polymers reasr strictly anhydrous conditions and an

organic aprotic solvent. The experiments are peréar in a glove box (in solvents like ACN
or DMF) using a large concentration of a vinylic mmer (ranging from 0.1 to 0.5 M) and
high negative potentials (usually more negativentha5 V vs.SCEJ7445l448] By ysing

specially designed monomers (vinylic monomers dairtg an ammonium group) grafting is

possible in an aqueous solut8f. The electrografted substrates include differeatemials
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(Ni, Fe, Au, Cu, Pt, stainless steel, C, carbonon#res, Si, CdSe, b, and Teflo®
)[237][445][446]

anionic
l dimerisation and polymerisation

anionic polymerisation

H  CH,
‘J " ‘ -
N

polymer in solution

CHs
N\\ /\\\N

s,

Figure. 27. Mechanism fohé cathodic electrografting of the vinylics (i.e m#acrylonitrile).

The mechanism for the electrochemical reductioninylics proceeds by adsorption of the
vinylic monomer (1); then, by an electron trandfem the electrode to an adsorbed vinylic
(2) leads to a radical anion that binds to theasmaf forming a bonded anion. This bonded
anion is not stable because the negative chamgpddled by the negatively charged cathode,
but it can be stabilized by attacking a new mono(Bgrto form a bonded dimer anion (4)

whose negative charge is located far from the mldet The layer continues to grow owning

to an anionic mechanism. A second route is possiblehich the transient bonded anion (2)

can be desorbed from the electrode and can polgmen solution with the same
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polymerization mechanism. The mechanism is elebewical only in its initiation step, the

further growth of the layer being a chemical rezet? 14!

In the grafted layers of N-succinimidyl acrylatee tgrafting density is 1 chain per 100%m
the chains are separated by 10 nm with a 80 toritB(chain length (corresponding to a
polymerization degree of 620 to 1016 monomer undspending on the monomer

concentration, 0.1 M or 1 Mf® .

The anhydrous conditions and the use of the glowme to perform electrografting are
overcome by the SEEP process (Surface Electrdimiti&éEmulsion Polymerization), which
provides covalently grafted polymer films on coniilug or semiconducting surfaces by
radical polymerization in aqueous dispersed mddi@lies on a cathodic electroinitiation, in
which diazonium salts are used both to initiategblymerization of the vinylic monomers in
solution and to form a primer of grafted polyphemg-like layer on the surfd¢&1“>%, |n the
GraftFast process, instead of electrochemistry, the radimsdsormed by a reducing reagent
in solution (iron, ascorbic acid, hypophosphorodigiia It is thus possible to graft insulating

surfaces (oxides, polymers) as well as conductiveemiconductive onésY .

Direct localized (in the micrometric range) gradfiof vinylics in agueous solution (0.25 M
H.S0Os, NBD ¢ = 2-10 M and acrylic acid (AA) in concentration range fréh® to 7 M) is
achieved by SECM in the direct mode, where the tsaflesis used as the cathode and an
ultamicroelectrode as the anodic counter electrdte.control of the width and the thickness
of the grafted spot can be adjusted by the timatspeer the spot. For the same tip-sample
distance, the radius of the formed spot dependbetip diameter, increasing the tip diameter
from 12.5 to 25 and 50m gives pattern with increased diameters increasom 60 to 100
and 150 * 10um. Coupling SECM with lithographic software enabldswing elegant
grafted patterns on the substrate (Figure!%8)

A grafted layer of 4-vinylpyridine is able to corepl rapidly copper ions from polluted
wastewatef$, A nanocomposite material is formed by depositidmanotubes modified
with perfluoro chains on a gold surface electragtby a layer of poly(acrylonitrile). It is

used as an electrical contact lubricant under tggtuum conditiort&.

Local functionalization of surfaces (10m wide lines) with polymers using SEEP or
GraftFast processes is performed by lifting off a pattermeask (ink or SAM) previously

drawn or stamped on the surface. The first simpéhod consist in handwriting a pattern
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using water insoluble ink, grafting and then tigtoff by dissolving the ink (acetone or
ethanol). The second method consists in stampimg stbstrate with a PDMS stamp
immerged into alcoholic thiol solution, graftingettiree surface, lifting-off the thiol layer
using sonication in DMF or electrochemical reductiof the Au-S bond in an organic

electrolyté®®!,

Eove 4V/Ag wire

»H,0

+ "OH X

CH,
// H*
HOOC—CH
# 200 um
OH C‘ZOOH ; -

HZCfCH*& ooH
o]

o
HOOGHOOC
CH—COOH
N 4 .CH +
+  HC \CHJZ\CHZ'
.

N H’
TN

E <-0.65 V/Ag wire 1 ~a )
‘sub % "3

z ¢ '.:

Figure. 28.Left: Schematic view of the different electrochemical andhemical reactions occurring on the substrate, at
the tip, and in the tip/substrate gap.Right: Reproduction of the “Madeleine” painted by Henri Matisse (inset) printed
on the gold substrate by coupling SECM with Elecdre software. (Conditions: [Acrylic Acid] = 2.0 mol L, [DNB] =
2-10° mol L, [H,S0,] = 0.25 mol L1452,

Antibacterial films are obtained, for example, dairdess steel, by reduction of special
monomers or inimers (polymer that further perntigs initiation of an ATRP-Atom Transfer
Radical Polymerization-). The antibacterial acyivid obtained either by i) imbedding silver
atoms in the film of poly(ethylacrylate) during itormatiod™®® or ii) by creating
hyperbranched films with a large number of pyridmi groups (by attachment of a vinylic
monomer with a chlorine atom followed by ATRP wétbromovinylic monomer and finally
formation of pyridiniums by substitution of the bmmes by pyridinéﬁ‘r’”, or iii) by multilayer
assembly of negatively (hyaluronic acid) and pwslyi (chitosan) charged polyelectrolyte

assembled on a negatively charged polyacrylate fireddsurfacé®®,

Grafted brushes on semi(conductive) surfaces asrma by a two-step process, that consist
in electrografting poly{-succinimidyl acrylate) chains and further transforg these brushes

by reaction with isopropylamine. In this way, a rthereponsive layer of poly(N-
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isopropylacrylamide) is obtained, as assessed Wy;ARis coating in water at 20°C has a
thickness of 80 + 10 nm (swollen state) with a wat®p contact angle of 33° (hydrophilic
surface, T = 25°C). After raising the temperatuwr&2°C, the thickness decreases to 9+3 nm
(collapsed state) and the water contact angle asee to 90° (hydrophobic surface,
T=40°C)*?,

lll. UV photochemical modification of surfaces
Using light for surface modifications offers mangvantages. First, it produces directly the

desired surface transformation without any contadhe surface, it applies to conductive as
well as insulating surfaces, it requires a photera aeagent (a clean reagent with little or no
enviromental impact) and offers the possibilitysafface patterning by illuminating through a

mask*®®. Some photoreactions are:

e Elimination (the catalytic species, such as an atié base, can be produced on a
photoactive molecule through an elimination reactsuich as photodeprotection or

photocleavage)

e Addition (i.e. photografting via, for example, the excited cardomyoup of
benzophenone that abstracts an hydrogen atom froeighboring compound, that
forms a radical; then, benzophenone covalently $oiadthis radical through radical-

radical combination)

e Rearrangment (i.e cis-trans isomerization in whighexcitation of the double bond in
an initially trans-azo compound leads to the foromatof a less stable cis-azo

conformer).

[1l.1. Modification using unsaturated compounds
This functionalization of surfaces by photochemiedtachment of alkenes provides a

pathway to stable interfaces; it has found greatityutfor attaching and sensing
application&®*. This photochemical grafting process of alkenes loa applied to different
substrates, such as Si-H, diamon@i*®31#64 carbon-Hf®® GaN-H*® thus broadening

the possibilities for sensing and interface corsions.

The mechanism for the photochemical formation ohalayers is not clearly underestood.

First, it was proposed (mechanism 1, Figure 29 Wgt tthe reaction proceeds by UV
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excitation and cleavage of the Si-H bond, produergurface radical (a dangling bond) that
reacts with a terminal olefin to form a Si-C bo#dneighboring surface hydrogen atom is
then abstracted by the resulting secondary caradical to regenerate a new silicon radical

and this process is repeated many times, yieldiagynadsorbates per initiation eV&Ht*®8l

A) /§

Figure. 29. Mechanism of photochemical grafting inSi-H: A) by excitaction and surface radical formatbn;B) by
photoemission and nucleophilic attack of the alkene

However, in a recently proposed mechanism, suctihasproposed for the UV grafting of
diamond, the UV light initiates photoemission fr@hinto the acceptor groups of a reactant
(alkene) or another electron acceptor, leaving keneg-band hole that facilitates the
nucleophilic attack by the alkene group (mecharisnikig.29. B). In the case of Si, at short
wavelengths, where photons can excite the electcoeptor levels of the reactant molecule,
photoemission is more efficient than excitation ¢meism A, Fig.29. A), but at longer

wavelengths it is likely that only the excitatioreahanism takes place (mechanisri®)

Grafting of Si-H with the same quality as thermaafgng, can be achieved under mild
conditions by irradiation of the surface with visithight (447 to 658 nm) at room temperature
in the presence of different 1-alkenes or 1-alk{{i¥s Using these mild photografting

condition bio-active (i.e disaccharides) molecudas form directly monolayefé".

Monolayer modification of the SiH surface with fortiea of the Si-O-C- interfacial bond is
performed by UV irradiation of aliphatic alcoholsdaaldehydes with the last ones forming a

chemically more resistant monolalé&.

Hydrogen terminated Si nanowires grown on Suzre selectively modified through UV

irradiation with an alkene containing a protectedra group. After attachment of the linker,
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the amino group is deprotected and used to covalbmd the DNA adducts. This method

entails biomolecular recognition properties tona@owire$"!,

Photochemically grafted monolayer of 11-(2,4-dmvs-fluorobenzene)undecenamide is used
to bind nucleophiles such as proteins or poly(ethgimine), using either micro-contact
printing or a mask; micrometric patterns &um) can be photograftéd”. Hydrogen
terminated diamond can be photopaterned throughtask by UV photochemical grafting
with alkenes (trifluoroacetamide-protected 1-amewd-ene and 1-dodecene) down taoni;

the resolution is limited by diffraction effectssasiated with the use of a simple contact mask
immersed directly in the reactant alkeffés Hydrogenated gallium nitride is photo patterned
( <12 pum width) with alkenes containing a protected amgnaup, which after deprotection is
linked to single DNA-stranded nucleoti&% .

Hydroxyl-terminated fused silica is modified by kenes under UV irradiation rendering it
highly hydrophobic (water contact angle 109° foh 8nodification time, the non modified
surface showing &10° contact angle). It is possibile to create patd hydrophobic sample
(7.5 x 7.5um? squares with a pm spacing); the modified surfaces are thermalllstap to
at least 400°€™!,

Photochemical hydrosilylation is used to graftcaih quantum dots, thus modifying their

physical properties and improving their oxidativedaoptical stability 7,

Magnetic
monodisperse manganese ferrite nanoparticules mddivith ®-alkenyl moieties are

covalently anchored to the Si-H surface by UV itatidn"") .

Formation of mixed monolayers with amine and tiyéthe glycol functionalities (through

deprotection of the corresponding grafted alker&s)ws improvement of the ratio of
specifically to non specifically bonded avidin. $hionfers to these layers an optimized
ability to detect specifically bound avidin, whi@multaneously reducing the nonspecific

adsorption since the layer resists largely to necific adsorption of proteiff§>.

[11.2. Modification using arylazides
The UV grafting of arylazides (Ar-)lis based on the formation of extremely reactiweene

radicals (Ar-N) upon UV irradiation. Nitrenes carsert into C-H, N-H, O-H bonds forming

an organic moiety covalently bonded to the polysweface (Figure 30).

The photografted molecules include: heterocyclitleg?’®, 4-substituted perfluorophenyl
azide§"918% 4_substituted arylazidé¥", bis(aryl azide$§?, methyl azidocarboxylaf&®!,
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azido derivatized polymers [poly(N,N-dimethylacnylale-co-3-azidostyrené§*, bis-4-
azidobenzamide-polyethylene glyé8t, poly(styrene-co-3-azido-styreff&f!, poly(acrylic
acid)*®!, poly(ethylene glycol®, poly(cyclooctene) / poly(ethylene oxide) copolyHfé,
poly(ethylene glycol)/poly(2,2,3,4,4,4-hexafluoroylu acrylate}*®®], azide functionalized
organic compounds (glucd¥®!, sucrosb®, dextrif*®® chitosaff*“* photobiotif®?,

lactaminé&®3),

In general, this process is used to modify polymerfaces such as polyethyl&f@4e3
polystyren&™,  polyimidd*®,  poly(3-octylthiophend)’®,  polyacrylonitrild*&H14%4
polypropylen&9I489  glas§8l492 - nolyested’®  poly[1-(trimethyl-silyl)-1-propyné{®?],
nylon*®®! tin oxidd*’®, aluminuni’®, poly(vinyl alcohol§®! poly(ether urethanéy®,
poly(ether  ether  ketond)”,  poly(butylene  terephthalat®y!,  poly(ethylene
terephthalaté %] cotton  fibre¥%8*%°  expanded polytetrafluoroethyléfid)
poly(vinylidene fluoridef®”, poly(methyl methacrylatef®, quartz®*. They can also bind to

other molecules or materi&f€'.

X X
@& %DN
x —
N3

N+ N,

l

—N—OH —NH N=O

Figure. 30. Modificain of polymers surface through photochemical procesusing azides.

The attachment of heterocyclic azides has beernyzsthlby XPS, IR, contact angle and
ellipsometry. The modified quartz surface showseaased counting for C1s peak and a new
N1s peak that is not present on an unmodified sarfparesenting a clear evidence for the
binding of the nitrene derived moiety to the suefathe IR spectra show a broad band at
1600 cnt', which is attributed to multilayered films contiaig also six or seven membered
rings. The thickness of the film increases withithadiation time; for 1, 15, 60 s and 30 min,

the thickness is 0.8, 27 to 75 nm ang respectively.
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Modification of hydrophobic surfaces such as pdiykine can be used to make them more
hydrophilic (water contact angle of 60° upon irgttin in the presence of 4-azidopyridine -
95° for the non modified surfac&y.

The surface of GC is modified by the photolysisddferent arylazides (deposited by spin
coating on the surface). Diazonium salts are algcaifted on carbon, and on top of such film,

a second layer is attached by photopatterning ziddd™®®.

The photografting process is used for differentppses. The modified film is used for the
immobilization of horseradish peroxidase and fa theation of micrometer sized patterns

(0.5um size) that are further reacted with fluoresceinvisualizatiof .

Using bolaammphiphiléswith two p-amidobenzoyl azide head groups, it @sgible to

deposit a monolayer of these molecules on polyanityile, to react the upper azide group
with amines in the gas phase, converting the agrioep to an amide, decomposing the other
azide group (which is on the polyacrylonitrile sw#), thus binding the molecule to the

surfacé™®¥,

Surface modification of poly(etherurethanes) witlylazide containing phosphorylcholine

end-groups, improves the polymers hemocompatiliiifty

It is possible to transform the hydrophobic polyprene surface into an hydrophilic surface
through the covalent bonding of sucrose residues agide photolysis ("photochemical

immobilization"y**°!,

Cross-linking of poly[1-(trimethyl-silyl)-1-propydemembranes with bis(arylazide) renders
them insoluble in solvents that typically dissoldee membranes and increases their
separation factors for £&and N8 It is possible to improve light stability and watlity of
polyolefin polymer¥®® as well as the nylon hemocompatibifi. The platelets adhesion
are reduced onto these expanded polytetrafluortesteyvascular graffS*. Acid treated
glass can be modified with fluorescent-labeledamigle and can be used to characterize site-

selective photocatalyzed immobilization reactiongtee surfacé®.

Photo-crosslinking and photo-patterning of polyatalgte films is possible®*% Many
other reactions are reported: performing versaiietocrosslinking methodology based on

sterically hindered bis(fluorophenyl azides), famgi back-infiltrated and contiguous

% Bolaamphiphiles are amphiphilic molecules thatehaydrophilic groups at both ends
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interpenetrating donor—acceptor heterostructurephiotovoltaic applications, providing the
appropriate morphology for high-efficiency polym®ased photovoltaics, creating
photopatternable polymer-based field-effect transis and light-emitting diod&8".

Crosslinking of poly(ethylene glycol) containingrriteénal azide groups to ionic liquid
molecules by UV irradiation, greatly enhances thehmaaical properties of the electrolyte
and its conductivity for possible use in solar £8f. Microfluidic surfaces can be modified to

enable site-specific attachment of biological moleg™.

Stable superhydrophobic cotton fabric can be preduthat displays high resistance to acids,
bases and organic solvefftd. Multi walled carbon nanotubes modified with ftapolymers
can be attached to cotton fabrics forming a selé&ging superhydrophobic composite

surfac&®,
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can be attached to cotton fabrics forming a selé&ging superhydrophobic composite

surfac&®,
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Chapter 2 : Indirect Grafting of Acetonitrile-Devied Films on Metallic

Substrates

2.1. Introduction
Before this work was started, it had been shown tha 2,6-dimethylbenzenediazonium

(2,6-DMBD) cannot be grafted on surfaces due todfegic hindrance of the two methyl
groups ortho to the carbon radi&al

Among the reactions of radicals, dimerization an@tbin abstraction are often observed.
Under the conditions (diazonium salt concentratiod00 mM) where the latter radical is
formed, dimerization — a second order reactioreeigainly not favored. But hydrogen atom

abstraction from the solvent:

/@\ +CHCN —— "CH,CN +
HaC CH HaC CH,

° 3 H

is certainly an important reaction due to the heghcentration of the solvent (~ 17 M). This
hydrogen atom abstraction produces a new alkycehdihe following paper tries to answer
the question: is the cyanomethyl radical produasdku H-atom abstraction able to react with

surfaces?

The prospects for such a grafting reaction to oerargood as it had been shown previously

that this same radical obtained upon cathodic timiof ICH,CN?! could attach to surfaces.
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Main results
e The reaction is indeed possible on various metadsoa silicon.

e The formation of this layer is also possible withan electrochemical induction in the
case of copper.

e The layers are fully characterized: functionality the layer (IRRAS), surface
hydrophobicity/hydrophilicity (contact angle), tkitess (ellipsometry, profilometry or
SEM), layer image (SEM), chemical composition (BdMS).

e A grafting mechanism is proposed accounting forftinmation of the layer.

M'c. Combellas, D. Jiang, F. Kanoufi, J. Pinson, Padvorica, Langmui2009 25, 286.
[2] C.Combellas, F.Kanoufi,Z.Osman, J.Pinson, A. Ade®eHallais, Electrochimica Acta
2011, 56,1476.
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Strongly bonded organic films with amino groups are obtained on gold, copper, and silicon surfaces
by reduction of 2,6-dimethyl benzenediazonium in acetonitrile (ACN). The sterically hindered
2,6-dimethylphenyl radical is unable to attach to the surface, but it abstracts an hydrogen atom from
ACN to give the cyanomethyl radical (- CH>CN) that reacts with the surface. A spontaneous reaction is
also possible on copper. The film is characterized by IR spectroscopy, scanning electron microscopy,
ellipsometry, water contact angles, and cyclic voltammetry. A mechanism is elaborated that accounts for
the formation, grafting of the cyanomethyl radical, and finally formation of amino multilayers.

Introduction

The reduction of aryl diazonium'~’ and diaryliodo-
nium® salts on various materials provides an easy method
to ensure the covalent bonding of aryl layers to surfaces.
The key point is the formation of aryl radicals, either by
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electrochemistry, or spontaneously'® (through a dissocia-
tive electron transfer and N, evolution”), or in the pre-
sence of an added reducing agent.'® Once produced in
aprotic or aqueous media, part of those aryl radicals
reacts with carbon,?® metal,?" semiconductor,’d and poly-

mer'%° surfaces according to Scheme 1.
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In an ACN solution, the aryl radicals generated from
diazonium salts can undergo various reactions that are
presented in Scheme 2: (i) electrografting with the surface
(kgurp), (i) dimerization in solution (kg;y), (iil) reaction
with another aromatic group (either from an aromatic
compound in the solution or already grafted onto the
surface) to give dimers or oligomers in solution or at-
tached to the surface (ka, Gomberg—Bachmann11 reac-
tion that involves a cyclohexadienyl intermediate), and
(iv) abstraction of an hydrogen atom from the solvent,
ACN, to give the cyanomethyl radical - CH,CN (ky)."?

If we consider only the reactions with the surface
(i and iii), the reduction of diazonium salts (by electro-
chemistry, a reducing agent, or a reducing surface) pro-
vides aryl radicals that for one part react with the surface,
and for the other part attack the first attached aryl groups,
leading to the growth of a polyphenylene film."* Pre-
viously, we showed that the steric hindrance is one of the
parameters that controls the polyphenylene film growth:
the two bulky terz-butyl groups of 3,5- di terz-butyl benze-
nediazonium prevent the growth of the film (k. ~ 0) and a
monolayer can be obtained;'* the two methyl groups of
2,6-dimethyl benzenediazonium (2,6-DMBD) prevent the
attachment of the radical to the surface (kgur ~ 0).14°
However, these two methyl groups should not prevent the
abstraction of an hydrogen atom from the solvent and the
formation of the cyanomethyl radical (iv or Scheme 3
[R2]). Besides, such a radical should be stabilized in the
medium by the isotopic reaction with ACN itself (Scheme 3
[R3]). This paper deals with the reaction of this radical with
the surface and the subsequent formation of an organic

(11) Gomberg, M.; Bachmann, W. E. J. Am. Chem. Soc. 1924, 45,2339.

(12) M’Halla, F.; Pinson, J.; Savéant, J.-M. J. Am. Chem. Soc. 1980,
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film of controllable thickness. In this case, an indirect
grafting of an easily available solvent takes place through
a diazonium salt.

Experimental Section

Chemicals. Anhydrous ACN (99.8%; <0.05% water) was
from Aldrich as well as tetrabutylammonium tetrafluoroborate,
which was keptin an oven at 95 °C. Milli-Q water (> 18 MQ cm)
was used for rinsing the samples. 2,6-DMBD was prepared by
the standard procedure.'*®

Samples. One (or 2) x 1 cm? gold-coated silicon wafer plates
(Aldrich, 1000 A coating) were cleaned in a “piranha” solution
(1/3 v/v H,O,/H,SO4 for 10 min), and rinsed one time with
Milli-Q water under sonication (10 min).

Massive 1 (or 2) x 1 cm? copper plates were polished with
different grades of polishing paper and finally with a 0.04 um
alumina slurry on a polishing cloth, using a Presi Mecatech
234 polishing machine. After polishing, the plates were rinsed
with Milli-Q water, left for 10 min in a 5% aqueous solution of
citric acid, rinsed again with Milli Q water, and finally sonicated
for 10 min in acetone.

P-doped silicon samples (Siltronic, resistivity 0.016 Q cm)
were hydrogenated by dipping for 5 min in 3% HF, and then
rinsed in Milli-Q water for 5 min under sonication.

The electrodes for cyclic voltammetry were Cu or Au
(diameter, 1 mm) wires imbedded in epoxy resin or a small
silicon shard. Metallic electrodes were polished and rinsed as the
copper plate above.

Electrochemical experiments were performed with an EG&G
263A potentiostat/galvanostat and an Echem 4.30 version soft-
ware. Electrografting was performed by chronoamperometry in
ACN + 0.1 M NBusBF, solutions with a 10 mM solution of
2,6-DMBD. The reference electrode was Ag/AgCl and the
counter electrode a platinum foil. In the case of Si, the modifica-
tion was achieved by chronopotentiometry at £ = —0.9 V/Ag/
AgCl for 900 s under light irradiation. The Si sample was
scratched and connected in the back with silver conducting
polymer and a piece of copper tape.

Spontaneous grafting of the copper plates was carried out by
immersing the plates into ACN+ 0.1 M NBuyBF, solutions in
the presence of 10 or 100 mM of 2,6-DMBD for 30 min.
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IR spectra of the modified samples were recorded using a
Jasco FT/IR-6100 Fourier Transform Infra Red Spectrometer
equipped with a MCT detector. For each spectrum, 1000 scans
were accumulated with a spectral resolution of 4 cm ™.

TOF-SIMS spectra were obtained with an [ON-TOF IV with
Au’ primary ions at 25 keV. The analyzed zone was 150 um?,
and the acquisition time 75 s. Blank samples were analyzed in the
same run as the modified samples. The peak intensity refers to the
area of the peak normalized to the total intensity of the spectrum.

Thicknesses of films grafted onto Au and Cu were measured
with a mono wavelength ellipsometer Sentech SE400. The follow-
ing values were taken for gold, ns = 0.182, k,= 3.489; copper, ng =
0.265, ks = 3.108, and the polymeric layer ng = 1.210, ks = 0.
These values were measured on clean surfaces before electrograft-
ing, and the thickness was determined from the same plate after

"CH,CN + ArH [R7]

[R8]
H »CN

residual water or
CH,CN

-CN

Hydrolysis
[R1 11\

S -CHy—
-CN

electrografting. On Au, the thickness was also measured from the
SEM image of the limit of the layer of a tilted sample. Thicknesses
of films grafted onto Si were measured by carving a sharp furrow
through the film with a sharp tip and measuring the depth of this
furrow with an a Step 1Q profilometer from KLA Tencor. The
length of a chain with multiple CH,CH(NH,) groups was calcu-
lated with ACD ChemSketch 12 after optimization (11.23 A for ten
groups).

SEM images were obtained using a Zeiss Ultra II electron
microscope.

Contact angles were measured by a standard technique, in
which the substrate was cooled by a Pelletier element and a drop
of a few microliters of water was placed on it, using a micro-
syringe. A stereomicroscope allowed the droplet image enlarge-
ment and the contact angle measurement.
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Figure 1. Chronoamperometry of a copper plate ina 10 mM 2,6-DMBD
solution in ACN +0.1 M NBuyBF,. Electrode biased at E = —0.9 V/Ag/
AgCl for 480 s.

Trifluoroacetylation. A modified gold plate was immersed
into S mL of THF + 0.5 mL of (CF5C0O),0 and a few drops of
triethylamine and left at room temperature overnight.'> The
plate was then rinsed with acetone and distilled water under
sonication.

Results

Electrochemical Measurements. The chronoampero-
metry of a copper plate (s = 1 cm?) in an ACN + 0.1 M
NBuyBF,; + 10 mM 2,6-DMBD solution is shown in
Figure 1. It is very different from the chronoamperogram
usually observed with diazonium salts where for t > 5s,
the current is ~0. On the contrary, here, for r > 5's, the
absolute value of the current increases slightly with time,
which indicates that the film formed on the electrode
through a cathodic reaction is not blocking.™ At the end
of the electrolysis, a gray film is observed on the surface.
Similar results were observed with gold and hydrogenated
silicon and the chronoamperograms are presented in
Figures S1 and S2 (see the Supporting Information).

IRRAS Measurements. The IR spectrum of a 2 cm?
copper plate submitted to a constant potential of -0.9 V/
Ag/AgCl for 480 s is presented in Figure 2a. The main
features of this spectrum are the absence of a —C=N stretch-
ing band'® (2254 cm ™' for ACN itself) and the presence of
bands corresponding to grafted amine groups at 1595 cm ™!
(NH deformation) and at 3243 cm™' (—NH stretching). A
band at 1397 cm ™! (CH, scissoring) is also observed.'”

The IR spectrum of a 2 cm? copper plate submitted to
a lower potential (E = —0.45 V/Ag/AgCl) for 480 s is
presented in Figure 2b. The latter amino bands at 3260
and 1595 cm ™" are still observed, although smaller, and a
new strong C=O band is present at 1693 cm™'. This
indicates that changing the potential for electrografting
results in a different structure for the grafted film.

Grafting on copper was also achieved under the same
conditions as for Figure 2a except that ACN contained
1% H,0. The main IR bands of the plate modified

(15) Smith, M. B.; March, J. March’s Advanced Organic Chemistry, 5th
ed.; Wiley Interscience: New York, 2001; p 510.

(16) The nitrile band of acetonitrile is located at 2254 cm™'. This
position is very close to that of residual CO,, but careful examina-
tion of the spectra before CO, correction indicates that, in any case,
the CN band should not exceed the background noise.

(17) Socrates, G. Infrared and Raman Characteristic Group Frequencies,
3rd ed.; John Wiley & Sons: New York, 2008.
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under these conditions are shown in the insert of
Figure 2¢ together with the corresponding bands under
dry conditions (Figure 2a). The IR bands have decreased
by ~40%.

The electrochemical modification of a gold plate at
E = —0.9 V/Ag/AgCl for 480 s is also possible as shown
by IRRAS in Figure 3a. The IRRAS spectrum is similar
to that obtained on copper (Figure 2a); however, the band
at 1397 cm ™' is absent.

To ascertain the presence of amino groups on the sur-
face, a gold plate modified with ACN was treated with
trifluoroacetic anhydride (5% solution in THF) overnight
to transform primary amine groups into trifluoroaceta-
mide functions (—NH;+(CF;C=0),0<>-NHC(O)CFj).
The IR spectrum of Figure 3b shows that the NH
deformation at 1617 cm™ " has disappeared and the band
at 3243 cm™ ! has decreased; it now corresponds to the NH
stretching of amide functions. The presence of CF5(CO)
groups in the film is evidenced by the C=0O band at
1785 cm™ ! and the CF; stretching bands at 1210 and
1170 em™' (~3350, 3200, 1705, 1200, 1155 cm™' for
trifluoroacetamide, CF;C(=0O)NH,).

An ACN-derived film can also be grafted on copper
and iron electrodes by spontaneous reduction of
2,6-DMBD in an ACN solution (without supporting
electrolyte). Figure 4 shows the presence of amino bands
at 3300 and 1600 cm ™" and also of a strong C=0 band at
1693 cm ™! as in the case of the electrochemical grafting at
E = —0.45V/Ag/AgCl. For such a spontaneous grafting,
the intensity of the IR bands increases with the concen-
tration of 2,6-DMBD (from 10 to 100 mM) (compare
Figures 4 a and b).

ToF-SIMS. We have recorded the Tof-SIMS spectrum
of a copper plate spontancously grafted in ACN +
100 mM 2,6-DMBD for 30 min (without any supporting
electrolyte). The main features of this spectrum are
summarized in Table 1 and some significant peaks are
presented in Figure 5.

Thickness of the Films. They were measured by ellipso-
metry, profilometry, or SEM and are gathered in Table 2.

The thickness of the layers corresponds to a quite large
number of —CH,—CH(NH,)— groups (see below). Be-
cause the size of this group is 1.1 A along the chain axis,
there should be ~500 of such groups on both gold and
copper, indicating a very efficient process for the growth
of the layer.

SEM Results. The acetonitrile derived films grafted
electrochemically on gold or copper surfaces via 2,6-di-
methyl phenyl radicals were observed by SEM (Figures 6a,
b and ¢, d for gold and copper respectively). Figure 6b
shows the interface between the film and the unmodified
gold surface. Other images are given in the Supporting
Information (see Figures S3—S5). The films are homoge-
neous and dense. On gold (Figure 6a,b), the surface is
rather homogeneous with some bumps, and on copper a
clear structure is visible, the origin of which is still unclear
(Figures 6¢,d and S5).

Contact Angle Measurements. The water contact angle
measurements before and after treatment are gathered in
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Figure 2. IRRAS spectra of a copper plate after electrolysis in an ACN solution of 10 mM 2,6-DMBD. Plate biased at £ = (a) —0.90 and (b) —0.45 V/Ag/
AgCl for 480 s under dry conditions; inset (c) in the presence of 1% HO. IR assignments in cm ™ ': 3243, NH stretching; 1595, NH deformation; 1693, C=0

stretching.
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Figure 3. IRRAS spectra of a gold plate after electrolysisin a 10 mM 2,6-DMBD ACN solution. Plate biased at £ = —0.9 V/Ag/AgCl for 480 s (a) before
and (b) after reaction overnight with trifluoroacetic anhydride (CF3C=0),0 in a THF solution. IR assignments in cm ™~ ': 3243, NH stretching; 1597, NH

deformation; 1170 and 1210, CF; stretching.

Table 3 for gold and copper. They indicate that the
surface has been modified by the treatment into a more
hydrophobic one.

Discussion
The 2,6-DMBD salt is electrochemically reduced'*®
at £, = —0.25 V/Ag/AgCl (gold electrode, 10 mM

solution in ACN + 0.1 M NBuyBF,, scan rate v =
100 mV s~ '; see Figure S6 in the Supporting In-
formation). In the above experiments, the electrolyses
were performed at —0.9 or —0.45 V/Ag/AgCl to reduce
the aryldiazonium salt into the aryl radical. We showed

previously that, when using a 4 mM solution of
2,6-DMBD, the radical obtained does not attach to metal
surfaces.'*®

Besides, when diazonium salts are grafted to a metal,
the structure of the film does not change with the grafting
potential;' this is not the case with the ACN film pre-
sented above, as the IRRAS spectra are different when
the grafting is performed at —0.45 or —0.90 V (Figure 2).
In addition, in the case of spontaneous grafting, ACN is
the only compound present in the solution besides the
diazonium salt. Therefore, the observed grafted organic
film should originate from ACN.
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Figure 4. IRRAS spectra of a copper plate dipped for 30 min in (a) 10 and (b) 100 mM 2,6-DMBD in an ACN solution. IR assignments incm ™ 3250, NH

stretching; 1595, NH deformation; 1693, C=O stretching.

Table 1. Tof-SIMS Spectrum of a Copper Plate Modified in ACN +
2,6-DMBD (positive fragments)

anion can be obtained in two ways: by reduction of the
radical or by deprotonation of ACN. The redox potential

E°(-CH,CN/~CH,CN) = —0.69 V/SCE that is —0.66 V/

intensity on intensity on
m/z assignment bare Cu  modified Cu
6293  Cu 5034 766
64.93  *Cu 2229 336
77.04  CgHs 289 1423
78.04  CgHg 63 390
91.05 Ce¢Hy;—CH;, 223 751
105.07 CH;—C¢H4—CH; 120 1514
115.05 (CHj;),CsHys—CH 70 620
146.10 CH,—C4H4—CH—CH-NH, 14 950
267.17 [CeH4(CH;3)-CH—CH(NH»)]» 12 254

Ag/AgCl has been measured by Gennaro;'? therefore, at
the electrolysis potential of —0.9 V, the cyanomethyl
radical should be reduced to its anion by the electrode
[R5]. At this potential, the 2,6-dimethyl phenyl radical
should also be reduced to its anion [R6]*” and this aryl
anion should also be able to deprotonate ACN [R7].%!
In the case of spontaneous reactions, the problem is
more complicated, the only reducing agent in the experi-

In addition, the spectra do not indicate the presence of
nitrile groups, alternatively they clearly present the sig-
nature of amine groups, and this is confirmed by the
trifluoroacetylation reported above. Tof-SIMS spectra
also present nitrogen containing fragments that can be
assigned to amino groups. To account for these observa-
tions, we propose the mechanism reported in Scheme 3.

After its formation [R1], the 2,6-dimethylphenyl radi-
cal can dimerize in solution but the abstraction of an
hydrogen atom from the solvent [R2] is favored by the
large concentration of ACN (17 M) and by the fast rate of
hydrogen atom abstraction (the pseudo first order rate
constant of the reaction of the cyanophenyl radical
measured in ACN'?is kyy = 4 x 107 s71). Once formed,
the cyanomethyl radical is stabilized by the isotopic
reaction [R3]'® and reacts with the surface in reaction
[R4]. However, the IR spectra do not show any signi-
ficant —C=N bands but present strong amino bands. To
rationalize this fact, we propose that the surface—CH,CN
be attacked by the cyanomethyl anion as in reaction [R8].
When the reaction is performed electrochemically, this

(18) The increase in the current observed during the chronopotentio-
metry is most likely related to the increasing concentration of the
cyanomethyl radical in the solution .

ment is copper. The open circuit potential measured for
a copper plate in a 100 mM ACN solution of 2,6-DMBD
is —0.44 V/Ag/AgCl; therefore, reduction of the cyano-
methyl radical should be possible, at least in part. The
cyanomethyl anion should attack the first grafted cyano-
methyl group in the same [R8] reaction as in electrochem-
istry. The attack of the grafted cyanomethyl group by the
cyanomethyl anion is known as the Thorpe reaction,** a
reaction analogous to the aldol reaction. In both cases—
electrochemical or spontaneous—one obtains an iminium
ion that should be protonated by the very small amount of
residual water or by abstraction of a proton from ACN,

(19) Isse, A. A.; Gennaro, A. J. Phys. Chem. A 2004, 108, 4180.

(20) (a) The reduction potential of the phenyl radical to its anion
was measured by Andrieux,?’® E, = —0.64 V/SCE, and Vase,?%¢
E, = —0.95 V/SCE. The reduction potential of the 2,6-dimethyl
phenyl radical should be slightly more negative because of the effect
of the methyl groups. (b) Andrieux, C. P.; Pinson, J. J. Am. Chem.
Soc.2003, 125, 14801. (¢) Vase, K. Ph.D. Thesis, University of Aarhus,
Aarhus, Denmark, 2007.

(21) (a) The pKa of acetonitrile is 31.3%'® and that of phenyllitium is
about 43;?'¢ therefore, the 2,6-dimethylbezene anion should be able
to deprotonate acetonitrile to give the cyanomethyl anion.
(b) Rossi, L.; Feroci, M.; Inesi, A. Mini-Rev. Org. Chem. 2005, 2,
79. (¢) Smith, M. B.; March, J. March’s Advanced Organic Chemistry,
Sth ed.; Wiley Interscience: New York, 2001; p 331.

(22) Smith, M. B.; March, J. March’s Advanced Organic Chemistry,
Sth ed.; Wiley Interscience: New York, 2001; p 1238.
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Figure 5. Some characteristic ToF-SIMS peaks.

Table 2. Thickness of the Layers Prepared by Reduction of 2,6-DMBD in
ACN at E = —0.90 V/Ag/AgCl for 480 s

cu’ Si¢

Au“

56 £ 1 nm 49 + 3 nm 9+ 4 nm

“Measured by SEM. ®Measured by ellipsometry. ¢ Measured by
profilometry. [2,6-DMBD] = (a,b) 100 mM, (c) 10 mM.

regenerating the cyanomethyl anion [R9]. Imines are
known to be reducible,” leading to amines via [R10] that
are characterized through their IR spectra and their trans-
formation into trifluoroacetamide. However, during the
spontaneous reaction, the potential is less negative than
during the electrochemical reaction and only part of the
imines is reduced. As imines are known to be very easily
hydrolyzed,?* the unreduced part is transformed to ketones
[R11], most probably during the rinsing of the samples as
the experiments were performed under dry conditions.
This is in agreement with the IR spectra that show the
formation of both amines and ketones. The absence of IR
bands corresponding to the terminal nitrile group is a
consequence of the low proportion of nitrile groups com-
pared to —CH,CH(NH,)— groups (1 for 500).

In addition, the ToF—SIMS spectra indicate that the
aryl radical is able to react with the polymeric chain
obtained from acetonitrile, in agreement with some frag-
ments presented in Table 1. Such reaction, if sufficiently
effective, should also be observed by a less sensitive
method such as IR. Then bands similar to those of
2,6-dimethylaniline could be expected, such as CHj;
stretching at 2967 and 2921 cm ™' and ring vibrations at
1622 and 1480 cm™'; on the spectrum of Figure 2, the
2967, 2921, and 1480 cm™ ! bands are clearly absent. The

(23) (a) Lund, H. Reduction of Azomethines in Organic Electrochemistry,
4th ed.; Lund, H., Hammerich, O., Eds.; Marcel Dekker: New York,
2001, p435. (b) Reed, R. C.; Wightman, R. M. In Encyclopedia of
Electrochemistry of the Elements; Bard, A. J., Lund, H., Eds.; Marcel
Dekker: New York, Vol. XV.1, pp 54. (c) Largeron, M.; Fleury, M.-B.
Org. Lett.2009, 11, 883. (d) Largeron, M.; Chiaroni, A.; Fleury, M.-B.
Chem. Eur. J. 2008, 14, 996.

(24) Smith, M. B.; March, J. March’s Advanced Organic Chemistry,

5th ed.; Wiley Interscience: New York, 2001; p 1177.
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bands at 848 and 770 cm ™' can be attributed to aromatic
groups, but the 848 cm ™! signal could also correspond
to an aliphatic amine (strong 856 cm™' band for iso-
propylamine). This indicates that the number of aryl
groups attached to the chain is limited or small. Indeed,
once formed the 2,6-dimethylphenyl radical can react
either with acetonitrile (17 M) or with the thin organic
layer present on the surface; in view of the relative
concentrations, the reaction with ACN is favored.

The results described here can be compared with the
reaction observed when hydrogenated diamond is treated
with peroxides in ACN.?> The mechanism, which is
shown in Scheme 4, involves the formation of the peroxy
radical that abstracts an hydrogen atom from the dia-
mond surface; the diamond radical also abstracts an
hydrogen from ACN and recombination of a diamond
radical with the cyanomethyl radical provides a surface
that is functionalized with —CH,CN groups. The pre-
sence of the —C=N group is observed through its vibra-
tion at 2271 cm™ ! that increases with time. But the IR
spectrum?> does not show any signal corresponding to an
amine. Even if the grafted radical is the same, the layer is
quite different from that observed here; this is due to the
absence of an anion that could attack the first grafted
cyano group.

This reaction can also be compared with that described
by Deniau et al. who were able to form composite
polynitrophenylene-polyvinyl films by simultaneous re-
duction of the 4-nitrobenzenediazonium salt and a vinylic
compound.?® In this case, the nitrophenyl radicals initiate
the radical polymerization of vinylic monomers under
protic conditions. This reaction has been called SEEP
(surface electroinitiated emulsion polymerization). The
main difference with our procedure is that the 2,6-DMBD

(25) Tsubota, T.; Shintaro, I.; Osamu, H.; Nagaoka, S.; Masanori, M.;
Yasumichi, M. Phys. Chem. Chem. Phys. 2002, 4, 3881.

(26) (a) Deniau, G.; Azoulay, L.; Bougerolles, L.; Palacin, S. Chem.
Mater. 2006, 18, 5421. (b) Tessier, L.; Deniau, G.; Charleux, B.;
Palacin, S. Chem. Mater. 2009, 21, 4261.
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Figure 6. SEM of (a, b) gold and (c, d) copper plates immersed into a 100 mM 2,6-DMBD + 0.1 M NBu4BF4 ACN solution for (a,b) 900sat £ = —0.9V/
Ag/AgCl, (c, d) 1800 s without electrochemical assistance. Scale bars: (a) 100 nm, (b) 10 um (c) 200 nm, (d) | um. Secondary electron analysis.

Table 3. Water Contact Angles

Au (deg) Cu (deg)
bare surface 4442 3542
modified surface 53+4 52+ 4

Scheme 4. Grafting of the Cyanomethyl Radical on Hydroge-
nated Diamond Surfaces®

Diamond-H + CH,COO®* _____, Diamond"® + C;H,COOH

Diamond*® + CH,CN ——>  Diamond-H +*CH,CN

Diamond*® +° CH,CN ——»  Diamond-CH,CN

radical itself is not grafted on the electrode surface, but is
able to provide radicals from the solvent by hydrogen
atom abstraction. A film derived from acetonitrile is
formed, but in our case, aryl radicals are not incorporated

into the film, at least, to a large extent.

Conclusion

Under electrochemical or spontaneous grafting condi-
tions, the 2,6-dimethyl benzenediazonium salt does not
lead to the modification of the surface by 2,6-dimethyl-
phenyl groups. This is related to the steric hindrance in the
positions ortho to the nitrogen atom. The 2,6-dimethyl
phenyl radical is formed but instead of reacting with the
surface, it abstracts an hydrogen atom from ACN to
give the cyanomethyl radical, that reacts with the surface.

The reaction is triggered by electrochemistry or started
spontaneously with reducing metals such as copper. It
should also be triggered by other reducing metals, such as
iron, nickel, zinc, etc. The growth of the layer results from
the further attack of the cyanomethyl anion on the first
grafted cyanomethyl group. This provides a surface con-
taining amino groups and, in some cases, keto groups. A
mechanism is proposed to account for the formation of
such grafted surfaces.

As both amino and keto groups are very reactive, this
method provides surfaces that can be easily further
derivatized, for example, for controlled protein immobi-
lization.?” The method can be extended to other mole-
cules (RH) that can transfer an hydrogen atom to the
2,6-dimethylphenyl radical to give a new radical (R-) able
to react with a surface. Work is in progress to explore new
grafting reactions along these lines.
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Figure S1 Chronoamperometry of a gold plate in a 100 mM solution of 2,6-DMBD in ACN.
Electrode biased at E = - 0.9 V/Ag/AgCl for 900 s.
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Fig. S2. Chronoamperometry of an hydrogenated silicon plate in a 10 mM 2,6-DMBD ACN
solution. Electrode biased at E =- 0.9 V/Ag/AgCl1 for 900 s.
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SEM images
Gold surfaces
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Figure S3. SEM image of a gold plate grafted for 900 s in an ACN + 100 mM 2,6-DMBD +
0.1 M NB4BF; solution at E = - 0.9 V/Ag/AgCl. Scale bar 1uM. Secondary electrons analysis.

At the 1um scale, the surface is homogeneous.
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Figure S4. SEM of a gold plate grafted fc;r 900 s at AéN + 100 mM 2,6-DMBD + 0.1 M
NB4BF, solution at E =- 0.9 V/Ag/AgCl. Scale bar 1um. Backscattered electrons analysis.

By tilting the sample, it is possible to measure the thickness of the layer: 56 nm.



Copper surfaces
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Figure SS. SEM image of a copper plate immersed in a 100 mM 2,6-DMBD + 0.1 M
NBusBF4 ACN solution during 1800 s. Scale bar 1 um. Backscattered electrons analysis.

As in Figure 5c,d the structured surface of the organic film on top of copper is observed. The

film is chemically homogeneous.

Cyclic voltammetry
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Figure S6. Cyclic voltammetry of gold a electrode (1 mm diameter) in a 10 mM 2,6-DMBD
+0.1 M NBuyBF; ACN solution. a) 1*; b) 2™ and ¢) 3" scan. v = 0.1 V/s. Ref. Ag/Ag/AgCl.

Figure S6 shows that the height of the wave (Ep =-0.25 V/(Ag/AgCl) does not decrease with
the number of scans as usually observed with diazonium salts. This indicates that the

electrode is not blocked and therefore that grafting does not occur.
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2.4. Analysis
We have shown that the formation of radicals bytétraabstraction leads to a radical derived

from the solvent and that this radical is ablettach to surfaces. Is it possible to generalize
this reaction by changing the solvent? The answeertainly yes, provided some conditions

are fulfilled.

- the solvent should be able to dissolve conc@otra of ¢ ~ 10 mM of the diazonium salt

and a supporting electrolyte.

- the bond pertaining to the solvent that showddcleaved has to be weaker than the C-H
bond of 2,6-DMBD (~ 480 kJ.md). As the latter is very strong, this should besilals with

the lots of aliphatic solvents such as usual edetiemical solvents (DMF, DMSO, etc).

Aromatic solvents should not work very well (buistis a small drawback as aryl diazonium
themselves are able to modify surfaces with argugs. Hydrogen abstraction from more
complex molecules should also be possible. It shalso be possible to abstract halogen

atoms such as iodine to produce a variety of réglibat should react with surfaces.

Another interesting point of the method describkdve is that it permits to produce radicals
at moderate potentials (the reduction potentiathef 2,6-DMBD, Ep = -0.25V/(Ag/AgCl).
This constitutes a catalytic reduction of the sotveFor example, IgH;3 is reduced at
-2.8VI(Ag/AgCI) in acetonitrile but the formationf dhe radical should be possible at
-0.25V/(Ag/AgCl); this means that a catalytic effeaf more than 2V is expected. These

reactions are presently under investigation.
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Chapter 3 : Photochemical grafting and Patterniraf Metallic Surfaces by

Organic Layers Derived from Acetonitrile

3.1. Introduction
As explained in the introduction of this thesis, dification of the surfaces properties

constitutes a large field of investigation. Howe\ers interesting to search for new methods
as these methods of grafting cannot be interchanged many of them have a field of
applications that is limited in one way or anotheor example, oxidative electrografting is
not possible on oxidizable materials such as indignhetals. In addition, the tendency is to
achieve fast, simple and efficient grafting. Phberoistry may be simpler than
electrochemistry as there is no need to contactubstrate, to insert a reference and a counter
electrode in the solution. Photochemistry only ssiates a UV or visible lamp. However, in
order to obtain a reactive intermediate in the tsmtu(a radical for example), the solution
must absorb light. Therefore, the number of reactipecies produced will depend on the
thickness and absorbance of the solution layeanus$t be somewhat controlled to allow for

the light to reach the surface and to obtain repedue results.

Besides, micro or nanopatterning is a mandatory &te the development of sensors and
biosensors, photochemistry is well suited for fhispose through the use of a mask, (this is
the technique widely used by the microelectronaustry). In the following paper, we present
the relatively large patterning of a copper surfdoet the resolution of the pattern can

certainly be further improved.

We have seen in the introduction that many graftiegctions rely on the formation of
radicals or carbenes and also that nearly all relgfting reactions are due to radicals.
Radicals can be produced by photochemistry as tesgpam the introduction. Other examples

of radicals formed by photochemistry are, for ex@fpalkyl, benzyl, phenyl, ketyl radicals.

In this chapter, we present a relatively unexpecaeiical, the cyanomethyl radicaCH,CN

deriving from acetonitrile. Acetonitrile is widelysed as a solvent for recording UV spectra
down to low wavelength. However, it absorbs beld@® 2am but its photochemical reactions
have not been much investigated. We have perforthede irradiations with a simple

equipment: a small mercury lamp.
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Main results

e A new methodology for the grafting of surfaces whis based on the formation of the

cyanomethyl radical through the UV irradiation cetonitrile.
e The photografting to different metals: Cu, Au, Re.
e The possibility of patterning surfaces.

e The characterisation of the layer: functionality tife layer (IRRAS), surfac

[¢2)

hydrophobicity/hydrophilicity (contact angle), tkitess (ellipsometry, profilometry or
SEM), layer compactness (SEM) and elemental cortipnsi([EDX), chemical
composition (Tof-SIMS), topography (AFM), solutiocomposition (electrospray
ionization mass spectroscopy).

e The proposition of a grafting mechanism and thenfdron of the layer by combining

all the data obtained through the use of theseniqubs.

(Article in Press, Chemistry of Materiat$x.doi.org/10.1021/cm20057pb

M Nichola J. Turro, V. Ramamurthy, J.C. Sciano, Madolecular Photochemistry of

Organic MoleculesUniversity Science Books, Sausalito, USA, 2010
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3.2. Paper
Photochemical Grafting and Patterning of Metallic Sirfaces by Organic

Layers Derived from Acetonitrile

Avni Berisha,* ® Catherine Combellag, Géraldine Hallais", Frédéric Kanoufi®,
Jean Pinson® andFetah I. Podvorica®
$ Physico-Chimie des Electrolytes, des ColloideSaé¢nces Analytiques, ESPCI, CNRS UMR 7195,
10 rue Vauquelin, 75231 Paris Cedex 05, Frante&hemistry Department of Natural Sciences
Faculty, University of Prishtina, rr. “Néna Terezeir. 5, 10000 Prishtina, KosovoEcole Normale
Supérieure, CNRS-ENS-UPMC 8640, 24 rue Lhomond5/Baris, France

Abstract

Metallic substrates are modified by a polymeric elayobtained under photochemical
irradiation of acetonitrile. The reaction involvasphotogenerated radical and leads to the
covalent bonding of the organic layer to the mdd#ferent characterization techniques allow
to unravel the structure of the layeBubstrateCH,-CH-(NH,)[-CH,-CH-(NH,)-],-[CH2-
C(=0)]m. A mechanism is discussed that accounts for thedbon of the layer. The method
is quite easy to implement, it only necessitated\alamp and a very common solvent.
Photografting is well suited to pattern surfacethypolymeric layers by irradiation through a
mask and finally, the patterning of copper at therameter scale is described as a proof of

concept.
Introduction

Electrografting is a well recognized technique tloe covalent modification of surfaces, for
example by reduction of vinylics or diazonium saftsThese methods permit to obtain

strongly bonded organic layers on carbon, metalsjconductors and dielectric substrates.

Such coatings range from monolayers to microméiick polymer layers and can include a

very large number of organic functions.

Some examples of localized electrografting of stsefahave been published. A first series of
experiments use AFM for patterning surfaces. F@ngle, the localized electrografting of
diazonium salts has been achieved by electrogga#timniform film, removing lines of the
film with an AFM tip and electrografting a seconabnium in the lined. In this way,
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patterns down to 0.33 um width of methyl and ngroups were obtained on a flat carbon
surface. AFM also permitted the targeted delivdrg single moleculé.For that, gold coated
AFM tips were modified by electrografting a vinylmolymeric chain that reacts with the
surface when the tip is brought into contact. Whiea tip is retracted the weakest bond
between the tip and the surface is broken (Aw{@gyinylic polymer) bond) and finally the
polymer chain remains bonded to the surface.

A second method used poly(dimethylsiloxane) (PDM®)ds with 22 um channels that were
applied on flat carbon surfaces. The channels \idegl with a diazonium salt that was
electrografted. Spontaneous grafting of metallicfagmes can also be achieved with this
technique’, as well as the modification of already graftecelay. Instead of using a stamp, an
Au or GC surface has been covered with an arrppbyfstyrene beads (down to 0.1 um) that
mask part of the surface. Then, the aryldiazonidectegrafting process is followed by
subsequent removal of the polystyrene beads, thgeafiad surface areas become available

for either another aryldiazonium electrograftingaanetal electrodepositidn.

SECM (Scanning ElectroChemical Micoscopy) permitgattern conductive and insulating
surfaces. A nitro aryl derivative is reduced attipeof a SECM to an amine and as this amine
diffuses to the substrate, it is diazotized (by RaMdded in the solution) and the diazonium
salt is reduced and electrografted on the substrai@tained at -0.1 V/SCE; 40 um wide
spots were obtained.Organic bands (110 um wide) were electrografted angold surface
by direct reduction of a diaryliodonium ion at therface, the SECM tip acting as a counter-
electrod€’ Since an organic layer of bromobenzyl groups hetddo a gold substrate acts as
an initiator for ATRP (Atom Transfer Radical Polynzation), by locally reducing the C-Br
bond, no polymerization is possible where the brend@toms have been cleaved and a ~ 100
im pattern was obtained in the polymeric lay&f! By electrogenerating highly reducing
radical anions at a SECM tip, it was possible toduoe 200 pm spots of
polytetrafluoroethylene into carbon and to attagholymer to this carbort? By reducing a
solution containing a diazonium and a vinylic, icaite deposited polymer patterns made of ~
0.2 pm lines were obtained by atomic force - saammlectrochemical microscopy (AFM-
SECM).*®

On semiconductors, localized doping may promotealined electrografting; this was
demonstrated for example, on p-doped Si(100) coveii¢h its native oxide!**°1t is also

possible to produce localized electrografting byngssurfaces made of two different
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materials. With a silicon sample partly plated wgihid;'” only the gold part of the sample is
electrografted whatever silicon or gold is useddontact. In this way, thin patterns such as
interdigitated gold electrodes with 0.5 pm betwdlea two electrodes can be selectively

covered with polymeric films.

Looking at these different methods for patternintymers on surfaces, it appears that SECM
and AFM are very slow methods that will be diffictd use on a larger size than a few um;
the use of PDMS stamps seems also difficult on @dymtion scale. On the contrary,
photopatterning is widely used by the microeledtrandustry to produce integrated circuits
with patterns down to 32 nm and the fabricatiovedy complicated masks is now routinely
achieved by this industry. In the biological fieldp-micropatterning onto polyethyleneglycol
covered glass using deep UV light is an eleganhatketo control cell adhesion geometry on
surfaces®® It would therefore be interesting to find out piitemical methods for patterning

various substrates including metals and carbortjragefrom simple chemicals.

Among the already existing photografting method® tnodification of the surface of
polymers has been the most widely investigated. eSeramples involve the grafting of i)
polyethylene by acrylic acid in the presence of Zopienone or formaldehydé??! i)

benzoylated polystyrene by polyethyleneglycol chaito give a polystyrene-graft-

|22

polyethyleneglycol?? iii) polydimethylsiloxane by polyvinylic acié® In a different reaction,

alkenes and alkynes have been grafted, underatradj on a variety of substrates (diamond,
2438 glassy carbof”® pyrolyzed photoresiéf. amorphous carboft, carbon nanotubé$,

silicon, *’°9. These alkenes or alkynes can be end functiewhlip permit further
modification. *"*” Alkyl halides have also been photografted on diath¢hydrogenated or

not) and metal surfaces, using X-ray beams or Wadiation.>®°

Heterocyclic azidé$ and other substituted phenyl azifesan be photopatterned by UV
through masks onto polymer surfaces (polyethylepelyimide, polyester,...), giving

micrometer sized patterns on polystyréhBatterning through a photoresist is also posSible.

A photoresist deposited on Si(100) was irradiatedugh a mask, after lift-off, a diazonium
salt was electrografted on Si to give patterns-afdinophenyl groups (down to 1 uff).

In this paper, we present a method for photogrgfanvery simple compound, acetonitrile
(ACN) or haloacetonitriles, to give nanometer thakino layers. When irradiation takes

place through a mask, 100-200 micrometer wide laresobtained.
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In a recent paper, the electrochemical reductioh ahd Br-CHCN was reported to give an
amino layer through an intermediate cyanomethylicedd (CH,CN).%> The indirect

electrografting of ACN has also been describedeulcing 2,6-dimethylphenyl diazoniufh.
Due to the steric hindrance of the two methyl gmupe 2,6-dimethylphenyl radical obtained
cannot bind to the substrate,but it can abstract an hydrogen atom from theesul (ACN).
This leads to the cyanomethyl radical that readts the metallic (Au, Cu) or Si-H surfaces
to give a bonded organic layer that can be destrimSubstratdCH,CH(NH,)], with
carbonyl groups included in the chains. A mechartis® been proposed to account for the

formation of this layer.

Photografting of ACN was also observed on CarbondYabes (CNT) and the following
structure was assigned to the modified nanotGiet-CH,-CH,-NH; on the basis of XPS and
IR spectra, without any evidence concerning thektiess of the film and the mechanism for

its formation®® As we will see below our results do not agree whik structure.
Experimental section

Chemicals. Anhydrous acetonitrile (99.8%), 4- nitrobenzoyllaride, 4tert-butyl and 4-
nitrophenyl isocyanate were from Sigma-Aldrich andoacetonitrile (ICHCN) from Acros
Organics. They were used as received. One irradiagxperiment was performed with a
freshly opened bottle of 99.9% Chromasolv ACN; &amiR spectra were observed on copper
(Figure. S1, Supporting Information, Sl). Acetose]phuric acid (96%) were from Acros
Organics and hydrogen peroxide (30%) from Merckusblardt. Milli-Q water (>18 D)
was used for plate rinsing and solutions prepamat@aution: ICHCN should be handled

with gloves

Plates 1x1 cm Gold coated wafers (Aldrich, gold coatedcsi wafer, 1000 angstrom
coating) were cleaned with ‘piranha’ solution (M& H>0,:H,SQy) for 10 min at room
temperature, and rinsed under sonication for 10 imiMilli-Q water. Before modification,
the plates were dried under a stream of nitroggaution : Piranha solutions are highly
aggressive and should be handled with full protectgloves, mask,...

Massive (1 crf) iron or nickel plates were polished usingu® alumina slurry on DP-NAP
polishing cloth with a Mecatech 234 polishing maehiPresi). For the measurements on
copper, Si wafers covered with 150 nm of polishepper were used without further

polishing, they were rinsed with Milli-Q water, tdbr 10 min into 5% aqueous solution of
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citric acid, rinsed again with Milli-Q water andrscated for 10 min in acetone, and dried
under a stream of nitrogen.

Photografting. Photochemical modification was achieved via widecspum UV irradiation
mercury Pen Ray lamp UVPC-86079 (20 mA AC, 4400 ¢if at 254 nm for a distance of
~ 2 cm ) with emission at 184.9 (3%, ~ 150 pW3m253.6 (100%, ) , 312.5-313.1,356.0-
356.3, 407.7, 435.8 nm. Prior to irradiation, anthilm of neat ACN or ICHCN was
deposited onto the metallic plates that were platetn under the UV light source. The
experiments were performed in the laboratory atiesp with some exceptions in a glove
box containing less than 1 ppm.@fter UV irradiation for 10, 20 or 30 min, thegbés and
wafers were rinsed with ACN, acetone, ultrasongdte 10 min in acetone two times and
finally ultrasonicated for 10 min in toluene. Fachlized photografting, the TeflBrmask
was held on top of the Cu wafer and the chromedtzmaask was separated from the copper
wafer by a Teflofi ribbon (0.225 mm), so that a thin layer of ACN vpassent between the
mask and the metal surface. The irradiation time leager than without the mask (40 min)

because the light intensity at the surface was ety the presence of the mask.

For the identification of amine groups, a coppefervaradiated for 10 min and rinsed under
sonication in acetone for another 10 min was reboternight in an ACN saturated solution
of 4-nitrobenzoyl chloride; some corrosion of tlgdr was observed. In other experiments,
copper wafers irradiated for 2 min in ACN and rishses above were derivatized in 5 mL
toluene + 300 puL 4- tert-butylphenylisocyanate or L DMF + 300 pL 4-

nitrophenylisocyanate , left overnight and rinse@cetone for 480 s under sonication.

Instrumentation. IR spectra of modified plates were recorded using a purged O, dry
air) Jasco FT/IR-6100 Fourier Transform Infra Repe@rometer equipped with MCT
(mercury-cadmiume-telluride) detector. For each speac, 1000 scans were accumulated with
a spectral resolution of 4 émThe background recorded before each spectrunthiveasf a
clean substrate. The profiles were recorded witlR&AS Jasco IRT 700S microscope, using

a 40x40 prhbeam size and 800 accumulations with a spectralutsn of 4 cn.

Thicknessesof the films on Au and Cu were measured with a oneavelength ellipsometer
Sentech SE400. The following values were takemgédd: ns = 0.153, ks = 3.567; for copper:
ns= 0.101, ks = 3.513. These values were measuredlean surfaces before photografting
and the film thicknesses were determined from #rmesplates after modification, taking=n

1.46 , ks = O for the polymeric layer.

-87 -



Chapter3 | Paper

The thickness profile was recorded with an intemeetric profilometer Microsurf 3D from
Fogale. The real thickness reported in Figure 11D)3s obtained from the interferometric
profile (not shown). This profile presents a heigatrease in the pattern region where a layer
was expected to have grown. This is explained ftioenloss of light reflectivity induced by
the beam light transport into the dielectric grdftayer: the ungrafted copper surface is more
reflecting than the copper surface covered by a thelectric layer. The interferometric
topographic profile, 4., is converted into local grafted film thicknessfrom z = -Z,,/2n

where n=1.46 is chosen for the grafted layer ofifra index.

Contact angleswere measured using the Kriss DSA30 instrument. Jdmaples were
horizontally placed on the instrument stage anglL3of Milli-Q water was automatically
delivered on the top of the sample. At least fiveasurements were made for each sample.
The values of the contact angles were calculatetheytangent method using Drop Shape

Analysis software.

AFM images. AFM measurements were performed using a 5100 Atdraice Microscope
(Agilent technologies- Molecular Imaging) operatad a dynamic tip deflection mode
(Acoustic Alternating Current mode, AAC). All AFMxperiments were done using Silicon
Probes (Applied NanoStructures-FORT) in the tappirigle with 3 N it spring constant at
69 kHz. The images were scanned in topography,iardpland phase mode with a resolution
of 512x512 pixels and are representative of 1x¥ agions over different locations on the

studied surfaces.

ToF-SIMS spectrawere obtained with an ION-TOF IV with Agrimary ions at 25 keV, the
analyzed zone was 150 fiand the acquisition time 75 s. Blank samples \aesdyzed in the
same run as the modified samples. The peak inyjeresérs to the area of the peak normalized
to the total intensity of the spectrum. The imagese obtained with Adl ions for 100 scans
(~ 40 min).

Scanning electron microscopy{SEM) images and energy-dispersive X-rayjEDS)spectra

were obtained using a Hitachi S-4300 microscope.

Solution Analysis.Acetonitrile was irradiated for 1 hour, evaporatedbout one tenth of its
initial volume and diluted (50/50) with 0.1% phospie acid and injected by electrospray in
positive mode in a Q-Tof-2 mass spectrometer fromrdass (m/z in the 90-1600 range,

scan time= 1 min, inter scan time= 0.1 s, capillaojtage= 3.0 V, cone voltage= 40 V,
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MCP= 2100 V, source temperature = 150°C, desolnagmperature = 300°C).The chemical
formula was obtained from the best match of theoic mass using the ChemCalc software.

Results

Since acetonitrile absorbs below 200 nm, photocbainmodification of metallic surfaces
was achieved by irradiating at 184.9 nm a thin fdfmeat ACN deposited onto the metallic
plate (4 cm under the UV light source). The irréidiatime varied from 10 to 30 min. After
irradiation, the samples were rinsed under differennditions, as described in the
Experimental Section. After the initial rinsing,RAS spectra did not change upon further 15
min rinsing in acetone under sonication. This iatkd that the layers are bonded to the

surface.

IRRAS and ellipsomeric measurements Without irradiation, no significant spectrum is
observed. The IR spectra of copper surfaces UMiatad for different times are presented in
Figure 1. The main features of these spectra arprisence of a weak=0\ stretching band
at 2211 crit (2254 cnt for ACN itself) and the presence of bands corredpanto grafted
amino groups at 1600 ¢hfNH. deformation) and at 3300 h{-NH, stretching). A band at
1399 cntt (CH, scissoring) is also observe8®® Upon increased irradiation time, the
transmittance decreases, which indicates the foomatdf thicker films (same for Au, see
Figure S1, Sl). The spectra obtained with Au, Nil &® are presented in Figures S2-4 (SI)
along with the blank experiments without irradiatend the main peaks are assigned in Table
1. IR bands in similar wavenumbers ranges are wedefor all metals, but the NH
deformation band cannot be distinguished on Au.

Sl

d
A e

t + 4 " + + + 1800 1600 1400
4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm™)

Figure 1. IRRAS spectraf A) a copper wafer a) left in ACN without irradiation f80 min; b-d) submitted to
UV irradiation in ACN for b) 10, c) 20 and d) 30mand B) the 1500-1800 ¢hrange for Au, Fe, Ni and Cu,
photografted for 20 min (C=0 stretching and N#téformation bands). Ultrasonication for 10 minaicetone

after photografting.
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Table 1 IRRAS Spectra of the Different Metallic Surfaces
Modified with ACN under UV Irradiation. Wavenumberscmi’.

Metal Peak position Peak assignment

cm’
Cu 3300 -NH stretching
~1670 sh C=0 stretching
1600 -NH deformation
Au 3260 -NH stretching
1690 C=0 stretching
Ni 3320 -NH stretching
1675 C=0 stretching
~1600 sh -NH deformation
Fe 3400 -NH stretching
1685 C=0 stretching
1600 -NH, deformation

For comparison, the spectra of a copper waferiatad in a solution of neat IGBN was
recorded (Figure 2; bands at 3280, 1600, 1420)cihis similar to that of a copper wafer

irradiated in ACN and the transmittance also desgsavith time.

100 ﬁ\ﬁfﬂrﬂiéw\'ﬁ -’t._:%_‘
%1 )
" |
= 0 i by
851 Ei &'J
i ]

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 2. IRRAS spectrum of a copper wafer irradiated imtnECH,CN for a) 10, b) 20 and c) 30 min.
Ultrasonication for 10 min in acetone after pho#dting.

The IRRAS data reported in Table 1 favor of thespree of —NK groups on copper, gold,
nickel and iron surfaces after UV irradiation (lpntparison with neat isopropyl amine: 3358,
3282, 1608 cm, with isopropylamine chemisorbed on fi3300 cnt, and with a Self-

Assembled Monolayer of 11-amino-1-undecanethid pinesents a broad band in the 3100-
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3400 cnt region’®). Carbonyl groups are also observed (1670-1698)cimy comparison
with acetone (1715 cm and with 4-hydroxy-4-methylpentan-2-offewhere a hydroxyl
group located in thB-position (1707 ci) is hydrogen bonded (we could not find data with a
B-substituted N group). Figure 1B presents an enlargement of #891.800 crit region
that shows the relative variation of the C=0 stretg and -NH deformation bands with the

different metals.

In order to understand the origin of the carboramdy we have recorded the IRRAS spectra
of gold wafers irradiated in a glove box containlegs than 1 ppm of dioxygen (Figure S5,
Sl) and of copper wafers prepared in order to mienor increase the amount of surface
oxides. On gold, in the presence of dioxygen, a @e@d can be observed at 1690cm
(Figure 1B) and there is no significant band aB8d.cm’; in absence of dioxygen, the C=0
band shifts to 1677 cmdue to overlapping with another band at 1616'cthat can be
assigned to the NHleformation (Figure S5, Sl). Therefore, even | dbsence of dioxygen,

a C=0 band is still present, this indicates that alkygen of the carbonyl groups comes, at
least in part in part, from surface oxides. Thipariment also shows that in the absence of
dioxygen, an NH deformation band appears, that was not observethenpresence of
dioxygen and therefore the formation of the C=0 Bt} groups should be in competition.
However, in these experiments, the surfaces hage benicated before and after irradiation
and it has been shown that bare Au surfaces ajectub uncontrollable, solvent dependent
changes during sonication; such sonication priogriafting may increase the reactivity of

surface oxide&®

To ascertain the presence of amino groups, the fraddtopper wafers have been reacted

with 4-nitrobenzoyl chloride (Scheme 1):

;oc' g
Metal Metal

ACN .t

Scheme 1Reaction of surface amino groups from an irradia@pper wafer with 4-nitrobenzoyl chloride.
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After reaction, the IRRAS spectrum (Figure 3) shdtws disappearance of the 1600tm
band due to Nkldeformation and the appearance of several bant89at cni (overlapping
C=0 and NH amide bands), 1604 tigaromatic ring) and the two strong antisymetris32
cm?) and symmetric (1350 ¢t bands of the nitro group. The spectra of irratiatopper
surfaces post modified with 4-butyl or 4-nitrophksycyanate are presented in Figure S6
(S1); the reaction is sluggish and the characierisnds are small.

105
1004
q / \ \ a
| /
1691 -.15']-!- J'Ivhv
L 1595 15,32 1350
79 i ' ' (] f |
1750 1700 1600 1500 1400 1280

Wavenumber (cm™1)

Figure 3. Copper wafer a) photografted by UV irradiationA@N for 10 min, and b) immersed overnight in a
saturated solution of 4-nitrobenzoyl chloride. Bi$tonication for 10 min in acetone after reaction.

In order to determine a grafting mechanism, walé)(or acetic acid (1 %) was added to
ACN during irradiation of a copper wafer and no @ of the IRRAS spectrum was
observed, (Figures S7 and 8, Sl). Conversely, waeradical trap, TEMPO (2,2,6,6-

tetramethylpiperidine 1-oxyl), was added to ACN (1%0 mM), photografting was

completely suppressed as shown in Figure 4.

701 ;

i b I 4 i I

4000 3500 3200 2800 2400 2000 1600 1200 800

Wavenumber (em ™)

Figure 4. Copper wafer irradiated in ACN for 20 min a) andrb}he presence of 1% TEMPO. Ultrasonication
for 10 min in acetone after irradiation.
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The homogeneity of the layer was examined by réogrtRRAS profiles at 1600 cfhalong

a ~ 1x0.2 mrhline on a copper wafer (Figure 5). The profileswshthat after 10-30 min

irradiation, the absorbance does not present aryy\adue, which indicates that there is no
ungrafted region at the 30 um scale. The mean bhsoe, A, increases with the irradiation
time - a) 10 min, A~ 0.01; b) 20 min, A~ 0.02; ¢) 30 min, A~ 0.025- indicating thicker

layers as the photografting time increases, ineageant with the IR spectra (Figure 1). Some

bumps are observed on these profiles.

045 0,045 0.045
| A 0.04 B, 0.04 C 04
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&Y e 001 0.1 I 0.0
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o ; 5 : g
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Figure 5. IRRAS surface absorbance profiles at 1600" avh a copper wafer photografted in ACN with
irradiation time: A) 10, B) 20 and C) 30 min. 40x4fth beam size.

Thickness of the layers The values (d) obtained by ellipsometry on coppet the relative
intensity of IR absorption at 1600 cnare represented in Figure 6 for different irradiat
times in ACN. A good correlation between ellipsoneeind IR measurements is observed
altogether. Both vary quasi linearly with time.

120 -
100
80

%
60
40

20

Irradiation time (min)

Figure 6. Relative IR intensities of the 1600 ¢rband (A) and thickness (z)#] vs irradiation time on copper
wafers. A relative 100 % thickness correspondsbtor8.
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Scanning Electron Microscopy (SEM) and Energy Dispsive Spectroscopy (EDS).
Figure 7A presents the SEM images of a bare coppéer and Figure 7B the same wafer
after 30 min irradiation in ACN. The two images atearly different and a coating can be
observed on the photografted sample (Figure 7Bardler to confirm that the difference in
the two images of Figure 7 corresponds to the ggafirganic coating, we have recorded the
EDS spectra of the modified copper wafer at twéedtnt positions: the first one corresponds
to the organic layer, the second one to the interfaetween the organic layer and a scratched
line (Figures 8A and B).

Figure 7. A, B) SEM image of A) a bare copper wafer; B) the same walfi@tografted by UV irradiation under
ACN for 30 min; C) ToF-SIMS image obtained from gem of the positive ions (fragments containinghbou
and C), UV irradiation in ACN for 30 min.

Inside the grafted layer (Figures 8A, C), besides @d Si, a small amount of Ti (that
probably corresponds to an intermediate layer efwhfer) is observed (~ 22% C, 8% N and
9% O, mass %). Inside the scratch, most of the & ldeen removed (Figure 8B, D), Si
appears (60-85%), C decreases to ~ 6 %, N and Onitemegligible. This is in good
agreement with the IRRAS spectra and confirms tlesgmce of an organic layer containing
C, N and also O.
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Figure 8. A, B) EDS images of a copper wafer after 30 miadiation in ACN. C, D) Relative mass distribution
of C, N, O, Si, Ti and Cu atoms at the graftedaeafand scratched line of the copper wafer. Chemrtodified
surface along the rectangle indicated in A. D)hia tenter of the scratched line along the rectaindieated in
B.

AFM images have been captured on copper and gold (Figure @ Néth metals, the layer
appears compact. The film thickness on copper BO~nm, in good agreement with the
ellipsometric measurements; on gold, the layeery ¥hin and close to a monolayer. Figures
S9 and 10 (SI) present the topographic, phase mnpditade AFM images. The topographic
profiles present some dips that should corresporginall (10-100 nm diameter) holes in the

layer.

Figure 9. AFM phase images (1 x 1 |fjnof clean copper and gold wafers (respectivelyp,and after
irradiation for 10 min in ACN (respectively c, d).
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ToF-SIMS spectra have been recorded for photografted Cu and Auasesf The main
characteristic peaks are presented in Figure Hur&il0A presents negative ions assigned to
NH (m/z = 15.01) and CN (m/z = 26.00), indicatimg toresence of nitrogen on the surface.
Figure 10B presents some positive ions charadtews$tthe structure of the layer:s8sNO
[m/z = 86.06, CHCH(NH,)-CH-C(=0)-H], GH10N2 [m/z = 86.09, CHCH(NH,)-CH,-
CH(NHy)-] and GHgN>[m/z = 85.08, CRH+CH(NH,)-CH,-CNH,-] on copper; GHisN, [(m/z
=115.12, CH-CH(NH,)-CH,-CH(NHz)-CH,-CH,] on gold. Figure 10C presents positive ions
that contain both an atom from the substrate (Qu), #&nd carbon from the organic layer:
CUuCHN [m/z = 89.94f> CuGHsN [m/z = 103.96°°Cu-CHx-NH], AuC,N [m/z = 234.96].
Figure 7C is a 150x150 |friToF-SIMS image of the sum of all the positive i@esitaining a
copper atom and a carbon fragment. As the MEB isageindicates a homogeneous
grafting. Note that, on gold, although the IRRA8 Ndeformation band is too small to be
distinguished from the neighboring C=0 band, ToMS] that is more sensitive, allows
observing the presence of MBroups in the layer.
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Figure 10. ToF-SIMS spectra. A) negative ions, B, C) positiens; a, b) copper wafer, c,d) gold wafer. Blue
lines: samples irradiated in ACN for 30 min; renkl: untreated samples. Some spectra are rectmeedtimes
on three different locations on the sample.

Analysis of the irradiated solution. After irradiation, a sample of acetonitrile was lgnad

by electrospray ionization mass spectroscopy. Peetsum presents the base peak at m/z =
242.605 (relative intensity 100%) and smaller peatksn/z =243.625 (32%); 409.35 (5%);
429.26 (12%); 430.28 (5%). The base peak can bignask to the protonated oligomer
(C11H26Nes, exact monoisotopic mass: 242.222), in good ageeénwith the proposed

structure of the organic layer:
NC-[CH,-CH(NH;")]s CH,CN

Open circuit potential (ocp) under irradiation. In order to assess the possible involvement
of electron transfer between the metallic substaae the organic layer, we have measured
the ocp without and under irradiation and compdhede data with the ratio of amino to keto

groups measured by IRRAS (Table 2, Figures S151)4,

Table 2 Open Circuit Potentials Without and Under Irrdidia (V(Ag/AgCl))

Open circuit potentia Cu Au Ni Fe
without irradiation -0.34 -0.27| -0.19, -0.12
under irradiation -0.37 -0.29| -0.19, -0.11
NH, vs C=C ~90:10 ~0 | ~30:70 ~50:50

a) Ratio of IR intensities of the NHleformation and the C=0 stretching bands in feiB.
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The ocp increases (becomes less cathodic) in ther @u, Au, Ni, Fe. This order of ocp is
different from that of the ratio of the IRRAS ingties of the amino deformation over the

carbonyl stretching bands (Cu, Fe, Ni, Au).

Localized Grafting. To obtain patterned surfaces, we have irradiateopper wafer through
a mask that was either i) a Teffoplate with 2 mm holes or ii) a chromed quartz maitk
133 pm wide lines (Figure 11C1).

The Teflor mask was used to get an IR image of the spotraiain the copper wafer with
a 40x40 um beam size (Figure 11A). The image wawrded at 1600 cth(NH. deformation
vibration) and represents approximately a quarter of the spoé highest intensity is
observed on the upper left corner (center of th&)sim a zone whose dimensions are in

agreement with those of the Teffomask.

With the chromed quartz madkge resulting lines were imaged by ToF-SIMS. FigutéB2
and 3 represent the images for, respectively, tihe &f the intensities of all positive ions, and
the intensity of the peak at m/z = 132.99 [CuCH(NH,)CH,CH']. The latter, which is
recorded in the line, is represented in Figure 11Bitical images of the quartz mask and the
irradiated copper wafer are presented, respectivelizigures 11C1 and 2. The two images
are in good agreement; 166 um wide lines are @bl the patterned wafer. The same lines
were also imaged by optical microscopy (11D1). fiRnmetry across the line (11D2) permits
to measure the thickness and the width of the t4€: nm and ~ 200m respectively (in fair

agreement with the optical image).

These different images indicate that localized pbtfting is possible on metals and that the
lines observed optically correspond to the orgdayer obtained from the photochemical

reaction of ACN.

-908 -



Chapter3 | Paper

vt
4547

CuCyHNH,

il
10 w'! . .

4600

— 100um B2

Bl

...
L™
rF
b
Intensity (a.u)

1.0 Ce

13246 1318 1330 1332 1334
mass  u

x[jnn}

0,08 D2
0,04

| i
| T
. -0,08
W00 20 2400 2600

(pej

. DI

Figure 11.Localized photograftin of a copper wafer: A) IR map of a spot graftewtigh aTeflon® mask with
2 mm holes (40x4@m* beam siz, recorded at 1600 (*). B-D) Line grafted througtachromed quartz mask
with 133 um wide lines: B1) TofiBIS positive fragments at m/z = 132.99. B2, 3) ies obtained from B2) tt
sum of the intensities of all posiz ions and B3) the intensity of the m/z = 132i88 (in the red rectangle |
B2). C) optical images of C1) thaask and C2) the obtained prn (note that the scalis nearly the same). D
optical image of the grafted line;?) the corresponding interferometric profile acrtyexgrafted ban

Discussion

The existence of an organayer on metallic surfaces due to the phhemical graftincof
ACN is evidenced by the sace IR spectra, the SEM images and thf-SIMS spectra that
are different from those of t background. This layer contains nitroge; shown by EDS ar
ToF-SIMS measurements, id this nitrogen is present as amines the identified through
their stretching and deforntion bands in IRRAS. IRRAS also shovarbonyl bands ar
weak nitrile bands, while tb latter are very strong in pure acetonitrEllipsometry show:
that these layers are in th€-100 nanometer range, thaye homogerous as observed |
SEM and ToF-SIMS.These layersare strongly bonded to the sace as they resi

ultrasonication for 15 min; is strong attachment is due to a chemicind as evidenced
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ToF-SIMS through the peaks containing both a metallom and part of the organic layer
such as CugHsN (Figure 10C).

A remarkable difference between photo and elecaftiggy can be mentioned. Under
photografting, the thickness of the layer incredsesarly with time since the radicals are
continuously generated in the solution and bindh® growing layer. Conversely, under
electrografting, the layer is self-limiting and ceas a limit after a certain tirffesince the

electron must transfer from the electrode to tHaetsm through the layer; as the layer grows,

the electron transfer becomes slower and slowefinallly stops.

These coatings can be compared with the layersnaglotdy indirect electrografting of ACN
through hydrogen atom abstraction from ACN by th&dmethylphenyl radical (A° to

give the cyanomethyl radical (Scheme 2):

Ar'+ CHCN ——  ArH 4CH,CN

Cu+CHCN ——> Cu-CKCN

Scheme 2
In this case, a structure containing amino andararbgroups was assigned to the layer. Here,
a similar structure can be assigned to the phoftegkéayer. It is presented in Scheme 3 along
with the characteristic ToF-SIMS fragments. Theelayobtained on a copper wafer after 10
min irradiation in ACN is 20 nm thick (Figure 6rfcomparison, a -CHCH(NH,)- group is
0.11 nm long.

S= substrate

ToF-SIMS fragments:
-CH,-CH(NH,)-CH,-C(=0)-H",
-CH,-CH(NH,)-CH,-CH(NH,)- ™,
-CH,-CH(NH,)-CH,-CH(NH5)-CH,-CH,-*

Scheme3
A mechanism for the formation of the above laysrsummarized in Scheme 4. We propose
that the same cyanomethyl radical be responsibléhéophotografting of ACN and IGEN.
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The photografting of alkyl halides on metals (Cu)Ainder UV irradiatioff and on diamond
surfaces (hydrogenated or not) using X-ray bédmsUV irradiation with an Hg aré has
been reported and the alkyl radical was deemednssigle for the reaction with the metal.
The electrochemical reduction of I, BrgEN has been described and the resulting
cyanomethyl radical was shown to react with metalirfaces to give amino layérsThe
cyanomethyl radical has been previously identifireécetonitrile under irradiation [R£}:"°
For example, this radical has been characterizec&dsyupon irradiation with a mercury
lamp/>? Therefore, we propose that the cyanomethyl radiciirmed by irradiation of either
CH3CN [R1] or ICHCN [R2]. It reacts with the surface along reacfigs].

In the course of indirect electrografting, the gtiowf the layer was assigned to the reduction
of the cyanomethyl radical into the cyanomethyloaniwhich further reacts with the nitrile
group already grafted to the surface (Thorpe reagtiln this case, the potential of the
electrode (- 0.90 V(Ag/AgCI) on Au and Cu) or theea circuit potential (-0.44 V(Ag/AgCl)
on Cu permitted the reduction of the radical toah&n®® Addition of 1% water completely

suppressed the grafting reaction by protonatiahefanion.

Here, upon addition of 1% water or acetic acid myiphotograting, there was no change in
the IRRAS spectrum of the surface. Moreover, byiregld EMPO, the photografting was
completely suppressed, indicating a radical reacfldis clearly shows that i) no anion and,
i) no electron transfer from the metal to the ayaethyl radical are involved in the process.
The ocp under irradiation (-0.37 V/(Ag/AgCl)) istneery different from the ocp measured
during the indirect electrografting in the present®.1 M 2,6-dimethylbenzene diazonium
(-0.44 VI(Ag/AgCI)). °® Therefore, the difference of mechanism betweertquiemical and
electrochemical reactions (radical vs anionic lieagtcannot be explained by different
potentials of the metal. It should originate fronmetics differences: the radical reaction
would be faster than the anionic reaction undetqgiiemical irradiation due to the increased
concentration of the radical. Note that the cyanbwigadical should be quite stable in ACN
as the only reaction it may undergo in solutioa tsydrogen atom abstraction from ACN, that

regenerates the same radical.

Therefore, we propose that the growth of the ldyedue to the attack of the cyanomethyl
radical on the nitrile group of the first graftedH,CN group [R4]. The attack of the radical
takes place on the carbon atom of the nitrile grdugs reaction has already been reported in

the litterature: "® i) the cyanobutyl radical cyclizes to give cyclopmone through an
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intermediate iminyl radical’’ (reaction rate4.5x1¢ s* at 259 K)'®ii) iminyl radicals are
generated by Bxocyclisation of alkyl, vinyl and aryC-centred radicals with nitrileS” iii)

the fluoroformyl radical reacts with acetonitrile give an iminyl radicaf® and the esr
spectrum of iminyl radicals has been obsefffeth Scheme 4, the iminyl radical can be
hydrogenated to an imine by hydrogen atom trarfsben ACN, regenerating a cyanomethyl
radical [R5]; therefore, the reaction is a chaiact®n. For comparison, the fast rate constants
for the reaction of the 2-methyl-6,6-diphenyl-5-Beiminyl radical with good hydrogen
donors such as thiophenol and chlorothiophenol kres 0.6x106 and 1.4x10 M* s?,

respectively?®?

The formation of keto groups during the indireceatiografting® was assigned to the
hydrolysis of the imine during the rinsing of thengples. But in the present photografting
reaction, addition of 1% water or acetic acid doeschange the —NJAC=0O ratio measured
by IRRAS. Therefore, the —C=0 group does not oatgnfrom the hydrolysis of the imine.
On gold, in the absence of dioxygen, the IR intgrs the carbonyl group is smaller but does
not completely disappear; on copper this band asgs when the copper surface is left in
contact with air. This indicates that the sourceexygen are atmospheric dioxygand the
surface oxides [R6]. The differences between thepses prepared with or without sonication
indicate that sonication influences the res(it§or samples prepared under the standard
conditions described in the experimental sectibis, difficult to explain why the —C=0 band
intensity increases in the order Cu<Fe<Ni<Au, bhably depends on many factors among
which the structure of the oxide, its thickness,bibnd dissociation energy. The high amount
of carbonyl groups on gold can be related to thgh hactivity of gold as a catalyst. This
catalytic activity has been assigned to the exthemeactive nature of atomic oxygen bound
in 3-fold coordination sites on metallic gold. Ths the predominant form of O at low
concentrations on the surfateThe formation of the carbonyl group can originaiteer from

the iminyl radical or from the imine, but iminesatable in the presence of oxygen, therefore
the reaction of the iminyl radical both with dioxggand surface oxides is the most likely
route to the carbonyl group [R6].

The photoreduction of imines in the presence of hadrogen atom donor has been
documented?®° it occurs along reaction [R7] that also regeneréite cyanomethyl radical.
This leads to amines that have been observed bASRRnd chemical derivatization. In the
case of indirect electrograftifwe had assigned the reduction of the imine intarmme to
an electron transfer. We have examined this pdggim the present case by recording the
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open circuit potential (ocp) for the different mstander irradiation and the ratio of keto to
amino groups (Table 2). The order of ocp is Cu, Wl Fe while that of -NEHYC=0 is Cu, Fe,
Ni, Au. This difference of order does not suppartedectron transfer as the main route to the

reduction of the imin&®

The chain grows by repeating these reactions ofcil@momethyl radical on the terminal
nitrile, giving both amines and keto groups in dhain [R8]. The process is a chain reaction
as cyanomethyl radicals are generated through [[@9=¥]. The small nitrile bands observed

in IRRAS correspond to the terminal nitrile groups.

Localized grafting through a mask gives a pattehose size is similar to that of the mask
(~150-200 pm lines). Such pattern size compareswigll patterns obtained with SECM. It

is a little larger than those obtained with PDM&gbs and 3 orders of magnitude larger than
those obtained with polystyrene beads. Clearlyjritexest of the method we propose is not in
the size that it is possible to reach. But withftyng by irradiation through masks or by
SECM, the pattern can be tailored at the micrometale, which is the size suited for
biological applications. With nanobeads or particlhe pattern is fixed since the patterned
zone corresponds to the free electrode surfackdédfteen the beads arranged in a hexagonal
structure. Smaller patterns would necessitate smailasks or grids and likely a more
powerful UV sourcé’

Conclusion

The photochemical grafting of ACN is possible ontaise it gives thin organic layers
functionalized with amino and keto groups. This moet is quite easy to implement, it only
necessitates a UV lamp and a very common solvieerestingly, the structure of the layers
is similar to that obtained through indirect elegnafting or through electrografting of |1 and
BrCH.CN, but the mechanism is different, as indicatedhgyaddition of water that stops the
electrografting reaction, but does not change thetqgrafting reaction. Therefore, a

mechanism involving only radicals is proposed.

Localized grafting is easily performed by carryiogt the photografting reaction through a
mask. The size of the pattern, which is similarthiat of the mask, compares well with
patterns obtained with SECM. The interest of théhoe is not in the size that it is possible to

reach, but in the easiness to implement it in therameter range, that is well suited for
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biological applications. Since amino groups areilggsost functionalized, it should be
possible to use this localized grafting for thestaction of biosensors.

CH,CN +hv —>» 'CH,CN+H’" [R1]

ICH,CN+hv —> CHCN+I [R2]

S|+ CHCN —>»|S —CHCN —>
[R3] [R4]

S= Au, Cu, Fe ‘CH,CN

'ﬂl' + CH,CN WH
S |—CH,-CH-CH,-CN — | S|—CH,-CH-CH,-CN + CH,CN
[R5]
[R6] v Ry

CH,CN

i H,

CH2-CH-CH2-CN CH2-CH-CH2-CN

+'CH,CN

[Rs] ui

e W op o g
CH,-CH-CH,-CH-CH,-CH- CH,-CH-CH,-CN

Scheme 4
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Photochemical grafting and Patterning of Metallic Sirfaces by

Organic Layers Derived from Acetonitrile
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Supporting Information

Comparison of two different qualities of ACN and irfluence of atmospheric oxygen

before treatment

100
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| 1 1 |
15800 1200
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Figure S1.Copper wafer irradiated for 30 min in a) 99.8% yarbus ACN and b) 99.9% Chromasolv ACN
(Aldrich).

Two pieces of copper wafers were cleaned as irgticia the experimental section, The two
different qualities of acetonitrile (99.8% anhydsoacetonitrile and 99.9% Chromasolv,

Aldrich) provide identical results.

- 110 -



Chapter3 | Paper

IRRAS spectra of Au, Ni and Fe surfaces photografted with ACNMg with the blank
experiments without irradiation are given in Figu&2-4.

WL W L FiL} BL X LR JHE il e FAX T X L 1K LU (L8

B ol [j o 1

Wavenumber (cm™)

Figure S2 Au wafer after UV irradiation in ACN for a) 10) BO and c) 30 min. Inset: blank) Gold wafer left i
the ACN solution without irradiation for 30 min cpared with c), the same wafer irradiated for 30.min
Ultrasonication for 10 min in acetone after pho#dting.
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Figure S3 Ni plate a) left in the ACN solution for 30 mivithout irradiation), b) after UV irradiation in AC
for 20 min.
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Figure S4 Fe plate a) left in the ACN solution for 30 misthout irradiation), b) after UV irradiation in AC
for 20 min.
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IRRAS spectraof gold and copper plates modified in the absericBoxygen.
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99 95
- I:'|I
939
677 |\ 1616
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Figure S5.Gold wafer after UV irradiation in ACN for a) 10 min a glove box containing less than 1ppm of
dioxygen. Ultrasonication for 10 min in acetoneeafthotografting.

Characterization of the amino groups by reaction wth isocyanate

To ascertain the presence of amino groups, the fraddtopper wafers have been reacted

with 4-nitro- or 4-tert-butylphenylisocyanates (Scheme 1):

33

HN /O HN

feit

Toluene 40C

Scheme S1Reaction of surface amino group on a copper waliker 4-nitrophenylisocyanate.

After reaction of a modified copper wafer with 4raphenylisocyanate, the IRRAS spectrum

(Figure S7 Ab) shows the presence of two new paak§05 and 1330 ci(designated by)

that are attributed to the asymmetric and symmedtietching of the -N© group (by
comparison with nitrobenzene: 1521 and 1347%cmfter reaction of a modified copper
wafer witht-butylphenylisocyanate (Figure S7 Bc), a peak apoading to -CHl stretching
appears at 2965 ch(designated by) by comparison witlt-butylbiphenyl: 2954 and 2926

cm?). These results confirm the reaction of graftedH-Nyroups with 4-nitro or 4-
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butylphenylisocyante. The reactions are less efficthan the reaction with 4-nitrobenzoyl
chloride.

= a.'r
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I | Y -
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1800 1600 400 1200 3000 2800

Figure S6& Copper wafer a) photografted by UV irradiationA@N for 2 min , and immersed overnight in a 60

mM solution of b) 4-nitrophenylisocyanate and d}Btylphenylisocyanate in toluene at 40°C. Ultrasation
for 10 min in acetone after reaction
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Copper wafers modified for 20 min under UV irradiation in ACN + either 1% H,O or

acetic acid

10 '

% '
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Figure S7. Cu wafer after UV irradiation in ACN +1%,8 for 20 min.
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Figure S8 Cu wafer after UV irradiation in ACN +1% aceticid for 20 min.
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AFM images
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Figure S9. AFM images (1 x 1pnd. a, @) topographic; b, b’) phase; c, ¢)plitude images; d, d
topographic prfiles. a, b, c, d) clen copper wafer; &, b’, ¢, d’) copper wafer irfaid or 10 min in ACN
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Figure S10. AFM images (1 x . pn?). a, a’) topographic; b, b’) phase; ¢, c¢)plitude images; d, d
topographic profiles. a, b, c, d) chgold wafer; a’, b’, ¢’, d’) gold wafer irradiatedif 10 min in ACN
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Chronopotentiometry and determination of open circut potentials (ocps)

The metallic plates (or wafers) were connected \aithinsulated copper wire. The system
consisted of an Ag/AgCI reference electrode, aa@anmaper with a large area as the counter
electrode and the metal plate as the working eldetrThe UV lamp was held 4 cm from the
plate surface during the measurements. The solaonained 20 mM NBiBF,; in ACN.
Chronopotentiometry curves of Cu, Au, Ni and Fagdgor wafers) without and under UV

irradiation are given in Figures S11-14.
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Figure S11 Chronopotentiometry for a copper wafer A) withant B) under UV irradiation.
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Figure S12 Chronopotentiometry for a gold wafer A) withouidaB) under UV irradiation.
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Figure S13 Chronopotentiometry for a nickel plate A) with@utd B) under UV irradiation.
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Figure S14 Chronopotentiometry for an iron plate A) withautd B) under UV irradiation.
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Water Contact angles

They were measured on bare and irradiated Cu anplated Si wafers (they are referred as
Cu and Au wafers) in ACN for different time duratg(Table 1). Once irradiated in gEN,

the contact angles for both surfaces are abousdhee (~60°), and they do not change with
the treatment time (10, 20 or 30 min). This indésathat the surface energy of the organic
film deposited onto the substrate is constant, efeatthe substrate or the treatment time. For
comparison, the advancing angles of a Si crystatmea by -(CH);7/NH, and -(CH)16CN are

58 and 69°, respectivély

Table SI1.Water Contact Angles on Bare and Modified Gold &agper Plates upon Irradiation of ACH.

bare| 10 mirf 20 min| 30 min
Cu| 45 59 60 61
Aul| 57 60 58 61

a) °z4°,b)neatliquids.

' Margel, S.; Sivan, O.; Dolitzky, Yangmuir1991, 7, 2317.
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3.4. Analysis
It had already been shown that alkyl radicals degivfrom alkyl halide¥! or from

haloacetonitril&! could be and could react with metallic surfaces. The previ@aper
describes the photochemical formation and graftihthe cyanomethyl radical starting from

acetonitrile.

The obtained films are similar to those producedhsysame radical under electrochemical
conditions. But very surprisingly, the mechanismsponsible for the growth of the chain are
different; an anion is involved in the electrocheahi reaction and a radical in the
photochemical reaction although the potentialshefietals are not very different. As stated
in the paper, the difference likely stems from kitee and it would be interesting to obtain

some kinetic data on both processes.

This is a new example of the photogeneration oadical followed by its coupling to a
metallic surface. It can be assumed that this tfpeeaction can be generalized since many
radicals can be produced by photochemistry. Lookihthe reaction of these radicals with
metals, carbon, or semiconducting surfaces, it [shbe an interesting field of research.
Primary radicals should be favored as it has beews - during the electrochemical grafting
of amines - that the secondary radicals are mushrieactive and that tertiary radicals do not

react at alf’.

['M. M. Chehimi, Géraldine Hallais, Tarik MatrabadePinson, and Fetah I. Podvorica, The
Journal of Physical ChemistryZD08 112 18559-18565.

[l c.Combellas, F.Kanoufi,Z.0Osman, J.Pinson, A. AdefBeHallais, Electrochimica Acta
2011, 56,1476.

Bl R. S. Deinhammer, M. Ho, J. W. Anderegg and M.Brtdt, Langmuir 1994 10, 1306
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Chapter 4 : Physisorption vs grafting of aryldiazmm salts onto iron: A

corrosion study

4.1. Introduction
Electro and spontaneous grafting of diazonium shHds gained recognition among the

methods for surface modification. As explained lre tintroduction, the mechanism that
permits the attachment of the aryl ring to varieusfaces involves, most often, a radical.
Based on the attack of this aryl radical on thdasé;, a mechanism has been proposed that
also describes the growth of the layer. In addjttbe electrochemical reaction leading to the
aryl radical has been described as concerted, ishétte transfer of one electron to the
diazonium salt and the cleavage of dinitrogen ctuies a single step. As the electron
transfer takes place on a diazonium cation “clasethe electrode, the radical is also formed
“close” to the electrode and is ready to react wile surface. “Close” can have two
meanings: i) if the molecules diffuse to the eledé, the electron transfer will take place in
the double layer at the outer Helmotz plane ;hg tliazonium salt can also be adsorbed on
the surface. In the latter case, the electron feartakes place on a cation already on the
surface and the radical will also be formed on sheface. Therefore, the problem of a
possible adsorption of the diazonium salt on thdfasa is a key step in the grafting

mechanism.

Two papers have described the previous adsorpfiaiia@aonium cations on carbon surface.
The first paper by Strano and al., uses Ramanrgsecpy and photoluminescence to analyze
the kinetics of the spontaneous grafting reactiod-ohlorobenzene diazonium on SWCNTSs.
However, right from the start, this paper suffemf a error; the experimental section states
that:” Prior to the reaction, the pH of the SWNTuwion (1wt% SDS/O) was increased
from 5.5 to 11 using NaOH solution”; it is well ko that only diazoates and not diazonium
salts are present at such pH. Therefore, this pspeuld demonstrate that diazoates are
adsorbed, although the adsorption of negativelygdthdiazoates on electron rich SWCNT is
less likely that of a diazonium cation. The Ramad photoluminescenece spectra show two
successive first order reactions. A long-lived iintediate selectively and non covalently
binds and partially dopes the nanotube surface 2.4 min). A slower, covalent reaction is

tracked using the time-dependent increase in t@rdiér mode in Raman €73 min).
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The second paper from Stark and al. examines tbetapeous grafting of graphene sheets
with 4-nitrobenzenediazonium by Raman spectroscdpythis case, the reaction was
performed in unbuffered water where diazoates dse &he main species in solution.
Adsorption is observed through a shift of the Gdoahgraphene (a collective vibration of the
surface), while the covalent bonding is observesbuph the appearance of a D band

corresponding to the formation of’sgarbons.

We have examined the possibility of an adsorptiep sluring the grafting of 3,5- and 2,6-
dimethylbenzene diazoniums. The experiments haea performed under conditions where

the diazonium salts are stable at low pH.

Main results

e Elucidation of the possible involvement of an agsion step during the grafting of

iron.
e Confirmation of the grafting by IRRAS.
e Corrosion measurements to evaluate the inhibitboieficy of the grafted layer.

e Characterization of the grafted surface layer hgtobicity/hydrophilicity by

measurements of water contact angles.

Monica L.Usrey, Ethan S. Lippmann and Michael &t Journal of American chemical
Society,2005 12716129 16135

Fabian M. Koehler, Arnhild Jacobsen, Klaus Ensglinfistoph Stampfer and Wendelin J.
Stark Smalk01Q 6, No.10, 1125-1130
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The possible involvement of an adsorption step in the course of the electrografting of aryldiazonium
salts is tested by investigating the effect of 3,5-dimethylbenzenediazonium and of 2,6-dimethyl benzene
diazonium salts (respectively 3,5- and 2,6-DMBD) on the corrosion of iron. In the case of 3,5-DMBD,
the grafting is confirmed by infra red reflection absorption spectroscopy (IRRAS). Polarization curves of

iron modified electrodes show increased protection against corrosion, particularly in the presence of

Keywords:
Aryldiazonium salts
Physisorption
Electrografting

Iron

Corrosion inhibition

3,5-DMBD in the corrosion medium. Conversely, in the presence of 2,6-DMBD, whose radical does not
attach onto the iron surface, no inhibition is observed. This indicates that, besides the absence of grafting,
there is no physical adsorption of diazoniums onto iron prior to the grafting reaction, in contrast with
graphene and carbon nanotubes.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Electrochemical and chemical reduction of aryl diazonium salts
[1], (isolated or prepared in situ [2]) in organic media [3,4], acidic
[5] or basic [6] aqueous solutions) lead to the covalent attachment
of aryl radicals onto the surface of glassy carbon [7-10], carbon
nanotubes [11-14], graphene [15-17], metals [18], semiconduc-
tors [19,20] and polymers [21-24] (Fig. 1). The reduction potential
of aryl diazonium salts, which is ~0 V/SCE allows the easy forma-
tion of aryl radicals, electrochemically and/or chemically either by
electron transfer with the surface (through a dissociative electron
transfer and N, evolution) or with an added reagent [1]. Such radi-
cals are responsible for the grafting of the organic moiety onto the
surface.

It was shown recently that grafting of diazonium salts onto
carbon nanotubes [13] and graphene [17] occurs along a two-
step mechanism involving adsorption (physisorption) prior to the
grafting step (chemisorption). On carbon nanotubes [13] in the
presence of 4-chlorobenzenediazonium, a long-lived intermediate
selectively and non-covalently binds to and partially dopes the nan-
otube surface (tr=2.4min). A slower, covalent reaction is tracked
by the time-dependent increase in the disorder mode in Raman
(=73 min). These two steps are well described using a series of

* Corresponding author at: Physico-Chimie des Electrolytes, des Colloides et Sci-
ences Analytiques, ESPCI ParisTech, CNRS UMR 7195, 10 rue Vauquelin, 75231 Paris
Cedex 05, France. Tel.: +33 1 40 79 47 54.

E-mail addresses: fetah.podvorica@espci.fr, fetah.podvorica@fshmn.uni-pr.edu
(F.I. Podvorica).

0013-4686/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2011.01.049

two first-order reactions. The adsorption (physisorption) of the 4-
nitrobenzenediazonium on a graphene flake, prior to its reaction
(Fig. 2), is observed by Raman spectroscopy [17] through (i) an ini-
tial slight shift of the G band of the graphene structure, (ii) the peaks
at 1400 and 1440cm~! that can be attributed to adsorbed diazo-
nium ions forming a charge-transfer complex with the graphene
surface. This first step is followed by the appearance of a strong D
band related to the formation of sp3 carbons and therefore to the
grafting reaction. Similar experiments indicate that nitrobenzene
adsorbs but does not react onto graphene. The two-step reaction
can be sketched as in Fig. 2.

Such adsorption that is clearly related to m-stacking of the
aryl group is also a consequence of the electrostatic interaction
between the positively charged diazonium group and the electron
rich graphene. This is why we examine here if such prior adsorption
is possible between an electron rich metal and a diazonium salt.

To test this assumption, we have considered the effect
of two diazonium salts on the corrosion of iron. The 3,
5-dimethylbezenediazonium (3,5-DMBD) can be easily grafted,
while the sterically hindered 2,6-dimethylbezenediazonium (2,6-
DMBD) is unable to attach to the surface [25]; however, such
hindrance is limited since the 2,6-dimethyl benzene radical is able
to abstract an hydrogen atom from acetonitrile and also to react
with alkyl chains [26]. On the other hand, many common corrosion
inhibitors adsorb on the surface of iron (mercaptobenzothiazole,
polyamines [27], benzotriazole [28], and propargylic alcohols
[29]). Therefore, the corrosion of iron should be inhibited by the
3,5-DMBD as previously shown before with other diazonium salts
[18,30-33] but some corrosion inhibition should also be observed
with the 2,6-DMBD if it adsorbs flat on the surface of iron. There-

Acta (2011), doi:10.1016/j.electacta.2011.01.049
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Fig. 1. Electrografting of the 3,5-dimethylbezenediazonium salt.

fore, the observation of an inhibition with the 2,6-DMBD would
indicate that a two-step mechanism is possible as with carbon
nanotubes and graphene, but the absence of inhibition would
make this mechanism unlikely on iron.

This paper presents the results of the reduction of both diazo-
nium salts, the IRRAS spectra of the surfaces after electrolysis and
the corrosion curves in the absence and in the presence of dia-
zonium salts. The surfaces will be referred as Fe-3,5-DMBD, and
Fe +2,6-DMBD.

2. Experimental
2.1. Chemicals

Milli-Q water (>18 M2 cm) was used for rinsing the samples.
3,5- and 2,6-DMBD were prepared by the standard procedure [25].

2.2. Samples

Massive 1 (or 2)cm x 1 cmiron plates were polished with differ-
ent grades of polishing paper and finally with a 0.04 wm alumina
slurry on a polishing cloth, using a Presi Mecatech 234 polishing
machine. After polishing, the plates were rinsed with Milli-Q water
and finally sonicated for 10 min in acetone.

The electrodes for cyclic voltammetry were Fe wires (1 mm
diameter) imbedded in epoxy resin. Metallic electrodes were pol-
ished and rinsed as the iron plate above.

With both diazonium salts, after grafting, the iron electrode
was either (i) rinsed with acetone in an ultrasonic bath and then

X
:

TR

Single graphene layer

immersed into the pure aqueous acidic solution for physical char-
acterizations by chronoamperometry, contact angles and IRRAS or,
(ii) left in the acidic medium used for grafting (without rinsing) to
perform corrosion measurements.

2.3. Electrochemical experiments

Electrochemical experiments were performed with an EG&G
263A potentiostat/galvanostat and an Echem 4.30 version soft-
ware. Electrografting was performed by chronoamperometry in
water+10~2 moldm~3 H,SO4 solutions with a 10~2 moldm3
solution of 3,5-DMBD or 2,6-DMBD. The reference electrode was
the saturated calomel electrode (SCE) and the counter electrode a
platinum foil. The potentiostatic polarization curves were carried
outby applying a 1 mV/s scanrate. All experiments were performed
at room temperature in aerated solutions under unstirred condi-
tions. Before any measurement, the iron electrodes were left in the
acidic corrosion medium until the corrosion potential, Ecorr, Stabi-
lized to a constant value. The corrosion values, Icorr, Were deduced
from the semilogarithmic polarization curves by extrapoling the
linear cathodic and anodic branches at the corrosion potential.

2.4. IRRAS spectra

IRRAS spectra of the modified samples were recorded using
a Jasco FT/IR-6100 Fourier Transform Infra Red Spectrometer
equipped with a MCT detector. For each spectrum, 1000 scans were
accumulated with a spectral resolution of 4cm~!. Polished iron
plates (as above) were used as references for the spectra.

. 2
’_ﬁﬁ%_ﬁm

Fig. 2. Two-step mechanism for the grafting of diazonium salts onto graphene.
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Fig.3. Chronoamperometry curves for aniron electrode (d =1 mm)immersed into a
102 moldm=3 H,S04 solution containing 10~2 moldm~3 3,5-DMBD or 2,6-DMBD:
Fe-3,5-DMBD or Fe +2,6-DMBD, respectively. Electrode potential: —0.7 V/SCE.

2.5. Contact angle measurements

Contact angle measurements were made by delivering a 2 pL
drop of Milli-Q water from a micro syringe onto the surface of the
modified plate that was mounted horizontally on an illuminated
stage and the sample was cooled by a Pelletier element. The image
of the static water drop was captured with a Canon PowerShot A640
photo camera attached to a Stemi 2000C microscope. The contact
angle was measured using the Image] 1.42 software. The value of
the contact angle is the average for 10 water drops taken in different
parts of the plate.

3. Results and discussion
3.1. Chronoamperometry

Fig. 3 shows the chronomperometric curves obtained when
immersing the polished iron electrode into 10-2 moldm3 of 3,5-
or 2,6-DMBD aqueous solutions containing 10~2 mol dm~3 sulfuric
acid. After grafting, the iron electrode was rinsed with acetone in
an ultrasonic bath and then immersed into the pure aqueous acidic
solution (except in the case where the corrosion measurements are
performed in the same solution as the grafting). In the case of 3,5-
DMBD electrolyzed at —0.7 V/SCE (about 130 mV negative to the
corrosion potential), after a sharp increase, the current decreases
to ~2 pA while in the case of 2,6-DMBD, it does not decrease below
8 pA.

3.2. Contact angles

The contact angle of a bare iron electrode immersed into
a 1002moldm=3 H,S0,4 solution and electrolysed for 5min at
=-0.7V/SCEis 58 + 2°. It increases to 76.5 + 2° when the electrol-
ysis solution contains 10~2 moldm~3 of 3,5-DMBD. This indicates
the presence of an hydrophobic organic film, although under such
conditions, the electrochemical reduction of 3,5-DMBD competes
with protons reduction; on the contrary, for Fe + 2,6-DMBD the con-
tact angle value is identical to that of a bare iron surface.

3.3. IRRAS

Fig. 4 shows the IR spectra of iron plates electrolyzed in aqueous
acidic solutions without or in the presence of diazonium salts. After
electrolysis for 5 min at —0.7 V/SCE in the absence of any diazonium
salt (Fig. 4a) or in the presence of 2,6-DMBD (Fig. 4b), there are no
differences between the spectra. Both spectra present a strong and
broad band in the region between 1300 and 1000 cm~! with two

3000 2900 2800

- 1 i 1
2000 1500 1000 750
Wavenumber/cm

Fig. 4. IRRAS spectra for an iron plate electrolyzed for 5min at E=—0.7 V/SCE in a
10-2 moldm~—3 H,S04 solution (a) blank experiment; (b and c) in the presence of (b)
2,6-DMBD (Fe +2,6-DMBD) and (c) 3,5-DMBD (Fe-3,5-DMBD). (d) ATR spectrum of
the 3,5-DMBD diazonium salt. (a’-d’): inset, CH stretching region.

peaks at 1191 and 1137 cm~! due to surface oxides (by comparison
1160, 1020 and 750 cm™! for lepidocrocite).

When the electrolysis has been performed in the presence of
3,5-DMBD, a different spectrum is obtained (Fig. 4¢). Iron oxides
are still present, but with a lower intensity and this spectrum does
not present any IR absorption at 2280 cm~', which confirms the
loss of the diazonium group during the electrochemical reduction.
Aromatic C-C stretching vibrations are observed at 1601, 1459 and
1377 cm~! (by comparison 1614, 1568, 1465 and 1390cm~! for
3,5-DMBD - Fig. 4d - that also shows the strong absorption of the
BF,~ ion at 1100cm~1). An aromatic C-H out of plane vibration
is present at 853 cm~! for Fe-3,5-DMBD that can be attributed to
1,3,4,5-tetrasubsituted benzenes (by comparison, very strong band
at 848 cm~! for 1,2,3,5-tetramethylbenzene). The CH stretching of
the methyl groups is also observed in the 2800-3000 cm~! region,
as shown in the inset of Fig. 4c’.

Therefore, contact angles and IRRAS spectra indicate that 3,5-
DMBD can be grafted on the surface, in contrast to 2,6-DMBD. This
means that chemisorption occurs with 3,5-DMBD but not with 2,6-
DMBD.

3.4. Polarization curves

Polarization curves. Fig. 5 shows the semilogarithmic polariza-
tion curves of iron electrodes treated with 3,5- or 2,6-DMBD by the
above mentioned procedure. While 2,6-DMBD has no significant
effect to protect the iron electrode from oxidation, with 3,5-DMBD
the corrosion current decreases (mostly on the cathodic side) and
the corrosion potential shifts by 30 mV. Therefore, 3,5-DMBD shows
the properties of a corrosion inhibitor.

Fig. 6 shows that the corrosion current of the Fe-3,5-DMBD
electrode decreases about ten times in the cathodic region when
the electrode is not withdrawn from the 3,5-DMBD aqueous acidic
solution after the 5min electrolysis at —0.7 V/SCE. The reduction
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Fig. 5. Polarization curves for iron electrodes (d=1mm) in a 10-2 moldm~3 H,SO4
solution: bare Fe, Fe-3,5-DMBD and Fe +2,6-DMBD. The latter two were grafted for
5min at —0.7 V/SCE in 10 mM of, respectively, 3,5- or 2,6-DMBD in 10-2 mol dm—3
H,S04.v=1mV/s.

of protons is considerably hampered by the formation of a dense
and hydrophobic (see the water contact angles above) film of
3,5-dimethylphenyl groups. A strong decrease of the current in
the anodic region is also observed until —0.475 V/SCE. For higher
potentials, the organic layer seems to be removed. This was pre-
viously observed with a grafted iodophenyl layer whose stability
was tested as a function of the electrode potential [18]. The organic
iodophenyl layer was still present after a 75 mV anodic potential
shift from the corrosion potential but after a 150 mV shift, the film
had been removed. In the case of an iron electrode modified with
3,5-DMBD, the grafted layer is stable after an anodic potential shift
of 115 mV. When the iron electrode is maintained at —0.7 V/SCE for
5min in an acidic water solution containing the 2,6-DMBD salt and
is not withdrawn from the solution, the corrosion potential shifts
35 mV toward cathodic potentials by reference to an iron electrode
in the absence of diazonium salt. This results from the presence
of two oxidizing agents in the solution, protons and the diazonium
ions (that are unable to graft to the surface). The polarization curves

Fe+2,6-DMBD

4T
in the presenceof
-4,5 2,6-DMBD e N
S5+
-5,54
< T
06,5
=
-7+ Fe-3,5-DMBD
75 the presence of 3,5-DMBD
-8t
-8,51
9 + + + i
-800 =700 -600 -500 -400

E vs SCE/mV

Fig. 6. Polarization curves for iron electrodes (d=1mm)in a 10-2 moldm~3 H,S04
solution: bare Fe, Fe-3,5-DMBD and Fe +2,6-DMBD. The latter two were grafted for
5min at —0.7 V/SCE in 10 mM of, respectively, 3,5- or 2,6-DMBD in 10~2 moldm~3
H,S04 and then left in the diazonium solution. v = 1 mV/s.

Table 1
Corrosion currents and inhibition efficiencies of bare and treated iron electrodes by
electrochemical reduction of 3,5- or 2,6-DMBD.

Diazonium salt Ecorr VS SCE/mV (Ieore/1076)/A IE (%)
None? —570 3.2 -
3,5-DMBD? -597 1.5 53
2,6-DMBD? -560 3.1 2
3,5-DMBDP -590 0.5 84
2,6-DMBDP -595 32 -

2 Measurements in a 10~2 moldm~3 H,S04 aqueous solution. Electrode diame-
ter=1mm.
b In the presence of 10-2 mol dm~3 of the corresponding diazonium salt.

in Fig. 6 show that at E=—0.7 V/SCE - the potential used to perform
the electrografting — no change in the current intensity is observed
between an iron electrode electrolyzed in 2,6-DMBD and a bare
iron electrode. On the anodic side, the current is somewhat larger
than that on a bare electrode.

This result can be interpreted by the absence of any physi-
cal adsorption. Note that in Fig. 3 the chronoamperometric curve
obtained with 2,6-DMBD shows some oscillations of the cathodic
current, which are due to the formation of gaseous hydrogen. This
also indicates the absence of adsorption of the diazonium salt.

For comparison, 1-octyne-3-ol, a classical inhibitor, is adsorbed
onto iron and the corrosion current decreases by 80% in the pres-
ence of a 102 moldm~3 concentration [29]. The same result can
be expressed by calculating the inhibition efficiencies, IE (Table 1),
from:

[film
IE=100 1 -coT (1)
Icorr

where I?cl,rr‘r‘ and I¢orr represent the current intensities at respectively,
the coated and bare iron electrodes.

Table 1 shows that 3,5-DMBD, once grafted onto the iron sur-
face, acts as a cathodic inhibitor, the lowest corrosion current and
the highest inhibition efficiency (84%) are obtained in the presence
of the 3,5-DMBD salt. The electrografted organic film acts as a phys-
ical barrier at the interface between the metal and the corrosion
medium. The 2,6-DMBD isomer that differs only by the position of
the methyl groups does not show any inhibitor efficiency against
iron corrosion and therefore does not adsorb (physisorb) onto the
iron surface.

4. Conclusion

The 3,5-DMBD is effective as a corrosion inhibitor due to the
formation of an organic film covalently bonded [34] to the sur-
face of iron. Conversely, 2,6-DMBD does not present any effect on
the corrosion. This can be interpreted both by the absence of elec-
trografting reaction onto the surface due the steric hindrance of
the two methyl groups « of the radical and also by the absence
of adsorption of this diazonium onto the iron surface. This makes
the adsorption of a diazonium salt prior to its grafting onto a metal
unlikely.
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4.3. Analysis
The adsorption step prior to the covalent graftistgp of diazonium salts has been

investigated on carbon (SWCNT and graphene) undeditons where diazonium salts are
not stable on and on metals by examining the effeatparticular diazonium on the corrosion
of iron. Clearly more studies should be dedicatethis problem to confirm the adsorption by

other methods on other materials. For example,
i) the Raman measurements on a graphene sheetidl®orgpeated in an acidic medium,

i) one could examine by Multiple Infrared Reflerica thin layer of metal (gold,...)
deposited on silicon, the solution being aboventie¢al and the IR beam reflecting inside the

gold plated silicon

iii) another method could involve a quartz micrarale; a preliminary adsorption step should

translate into a two-step increase of weight.

- 132 -






General otusions







General conclusions

General conclusions

The main part of this thesis describes the grafthghe cyanomethyl radicalQH,CN) on
various surfaces. This radical is electron defigidne to the presence of the cyano group on
the same carbon as the unpaired electron. It s tabteact with surfaces, like other radicals

such as:

1) alkyl radicals such asCH,-CsHi; with the alkyl electron donating substituent

(obtained from halides).

i) benzyl radicals such a8H,-CsHs-R , R = NQ or H, (obtained from carboxylates or
halides).

iii) aromatic radicalsAr with a variety of electron attracting or donafisubstituents
(obtained either by reduction of diazonium saltsbyr oxidation of Grignard

reagents)
Iv) heteroaromatic radicals (derived from thiophene)
v) aminyl radicals;NH-R.

DFT calculations have shown that radicals are idddade to react with carbon or metallic
surfaces to give stable constructions. Therefdre, réaction of radicals on metals -and also
on carbon- is general, and should be consideredctessical reaction in the rich chemistry of

radicals.

Oxygen centered radicals constitute a particulaecare have shown in the introduction that
oxidation of alcohols on carbon leads to the foramaibf Surface-O-Rassemblies, but it

remains to be demonstrated that oxygen radicalsrealty involved. On the other hand,
oxygen centered radicals are easily produced bgatioin of phenoxides, they have been

widely investigated, but apparently no graftingatean has ever been reported.

The above list of radicals is certainly not limiatand many other radicals should be able to
react with surfaces. The main restricting fact@mse to be the steric hindrance of the radical:
primary aminyl radicals attach very efficiently ¢arbon, secondary radicals are much less
reactive and tertiary radicals do not react; inahg radicals series, the steric hindrance of the

2,6-dimethylphenyl radical prevents its bindingstofaces.
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The drawback of the steric hindrance can be tumidan advantage to graft other radicals.
As the 2,6-dimethylphenyl radical (and most likedyher hindered radicals) is unable to react
with surfaces, it abstracts an hydrogen atom froensblvent giving rise to another radical (in
our case the cyanomethyl radical). This reactionlmageneralized to other solvents and most
likely to other organic compounds. If the hydrogkmor is the solvent, the condition is that
the diazonium salt be soluble in this solventt iia compound added in the solution, it must
be a much better hydrogen atom donor than the soleecompensate the concentration effect
by a kinetic effect. Relative hydrogen donor aigtitare known that should facilitate the

design of proper candidates to graft onto surfaces.

Electrochemistry (or related reductions by the galbs or a reagent added in the solution) has
been mostly used for modifying surfaces with straogalent-like bonds. We have shown
that acetonitrile can also be grafted to surfagepimtochemistry. Alkyl halides are also able
to give radicals and their attachment on surfaessbieen described. More substituents should
be investigated to open the way to further appbeost These reactions can certainly be
generalized since many radicals can be producezhbipchemistry. For example, irradiation
of ketones is described in the literature as a mearproduce radicals, but in this case the
radical is a secondary radical and experiments meigierformed to demonstrate that grafting

is possible.

This brief discussion shows that a lot of probleand a number of new possible reactions are
possible in this field of research. As this type@dction is not far from real-life applications,
we expect it to give rise to new industrial appiicas.
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Annex 1: Water contact angles
Contact angle, is a quantitative measure of the wetting of adsby a liquid. It is defined

geometrically as the angle formed by a liquid attree-phase boundary where a liquid, gas
and solid intersect, as shown below:

B >90 8 <90

tangent

= tangent
Q‘f g
K
&

solid solid solid

It can be seen from this figure that a low valu¢hef contact anglé) indicates that the liquid
spreads (the surface is hydrophilic), or wets wehjle a high contact angle indicates poor
wetting (the surface is hydrophobic). If the an@les less than 90°, the liquid is said to wet
the solid. If it is greater than 90° it is saidde non-wetting. A zero contact angle represents
complete wetting.

MEASUREMENTS

A) The substrate was cooled by a Pelletier elemmshtaadrop of a few microliters of water
was placed on it, using a microsyringe. A stereoosicope allowed the droplet image
enlargement and the contact angle measurement nsaggeJ software.

B) Kriiss DSA30 instrument

Samples were horizontally placed on the instrunstage and 3L of Milli-Q water was
automatically delivered on the top of the samplele@st five measurements were made for
each sample. The values of the contact angles vadcealated by the tangent method using
Drop Shape Analysis software.
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Annex 2: Ellipsometry
Ellipsometry measures the change in the polarinagtate of light reflected from the surface

of a sample. The measured values are expresséti@sdA. These values are related to the
ratio of Fresnel reflection coefficients, respeelywfor p and s-polarized light.

tan(¥) e = i—i (1)

Because ellipsometry measures the ratio of twoeglit can be highly accurate and very
reproducible. From Eq. (1) the ratio is seen t@lmmplex number; thus, it contains phase
information, which makes the measurement very seasiln Fig.1, a linearly polarized input
beam is converted to an elliptically polarized eefed beam. For any angle of incidence
greater than 0° and less than 90°, p-polarizedt lghd s-polarized will be reflected

differently.

Fig. 1. Schematic of the geometry of an ellipsagnekperiment.

MEASUREMENTS

SENTECH SE 400ellipsometer , He-Ne laser witl¥6328 A, angle =70.02°

Model: the values for ns and ks were measured afean wafer and then these values were

further used in the determination of the thicknegsa grafted layer: n(ambient)=

=

n(upper)=1.00, n(lower)=1.46. The thickness is eatdd directly by the ellipsomet

(1)
—

software.
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Annex 3: Profilometry
Profilometry is a technique used to measure thiasel roughness, film thickness, etc. There

are two types of profilometers (contact and nontacin(optical)).

Contact profilometry uses a probe, or stylus, to physically measurestiniace texture of a

sample. As the probe is moved across the surfatteeacfample, the vertical movement of the
stylus is captured and a two dimensional map ofsdraple surface is made. In this manner,
step heights and surface roughness can be meastedontact profilometer has a resolution

of several nanometers and can measure film tesdes up to 500 microns.

Optical profilometry. The optical profiler utilizes white-light interfemetry to perform non-
contact surface measurements. Step heights, sudagbness and surface curvature can all
be measured quickly with no sample preparationirequWhile a contact profilometer is
limited to line scans, the optical profiler prodactaree-dimensional maps of the sample

surface with sub-nanometer resolution.

MEASUREMENTS

R Step 1Q profilometer from KLA Tencor (contact profilometer)

Thicknesses of films grafted onto Si were measimgdarving a sharp furrow through the

film with a sharp tip and measuring the depth atsdiwith the profilometer.
Microsurf 3D interferometric profilometer from Foga le (non-contact)

The interferometric topographic profile is recorgdt real layer thickness z is obtained from
the interferometric profile by convertingogs into z= -Zypd2Nn, Where n= 1.46 is chosen for

the grafted layer refractive index.

- 137 -



Annexes

Annex 4: IRRAS spectroscopy
There are a number of ways in which the IR techaiopay be implemented for the study of

adsorbates on surfaces. For solid samples posgeshigh surface area:

Transmission IR Spectroscopyemploying the same basic experimental geometryhas

used for liquid samples and mulls. This is ofteadufor studies on supported metal catalysts
where the large metallic surface area permits b hancentration of adsorbed species to be
sampled. The solid sample must, of course, bedRsparent over an appreciable wavelength

range.

Diffuse Reflectance IR Spectroscopy (DRIFT.3) which the diffusely scattered IR radiation
from a sample is collected, refocused and analyBeid. modification of the IR technique can
be employed with high surface area catalytic samfilat are not sufficiently transparent to

be studied in transmission.
For studies on low surface area samples (e.g.esorgktals):

Reflection-Absorption IR Spectroscopy (RAIRS or IRR) : where the IR beam is

specularly reflected from the front face of a hyghéflective sample, such as a metal single

crystal surface.

Multiple Internal Reflection Spectroscopy (MIR)in which the IR beam is passed through a
thin, IR transmitting sample in a manner such thalternately undergoes total internal

reflection from the front and rear faces of the gemAt each reflection, some of the IR

radiation may be absorbed by species adsorbedeosdiid surface - hence the alternative
name of Attenuated Total Reflection (ATR).

MEASUREMENTS

Jasco FT/IR-6100 Fourier Transform Infra Red Spectometer equipped with MCT

detector.

For each spectrum, 1000 scans were accumulatedansthectral resolution of 4 émThe

background recorded before each spectrum was tlatlean substrate.

A Jasco IRT 700S microscope40x40 pribeam size and 800 accumulations with a spectral

resolution of 4 cnf was used for surface maping.
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Annex 5: Tof-SIMS
Time-of-Flight Secondary lon Mass Spectrometry (-BIMS) is a surface-sensitive

analytical method that uses a pulsed ion beam AOspr microfocused Ga) to remove
molecules from the very outermost surface of thepea. The particles are removed from
atomic monolayers on the surface (secondary idise particles are then accelerated into a
"flight tube" and their mass is determined by measgputhe exact time at which they reach the
detector (i.e. time-of-flight). Three operationabdes are available using ToF-SIMS: surface
spectroscopy, surface imaging and depth profiliAgalytical capabilities of ToF-SIMS

include:

e Mass resolution of 0.00x amu. Particles with thmasaominal mass (e.g. Si angHz,
both with amu = 28 ) are easily distinguished frane another.

e Mass range of 0-10,000 amu; ions (positive or negpatisotopes, and molecular
compounds (including polymers, organic compoundd, @ to ~amino acids) can be
detected.

e Trace element detection limits in the ppm range.

e Sub-micron imaging to map any mass number of istere

e Depth profiling capabilities; sequential sputteriofysurfaces allow analysis of the
chemical stratigraphy on material surfaces (typisplttering rates are ~ 100
A/minute).

e Retrospective analysis. Every pixel of a ToF-SIM@&pnrepresents a full mass
spectrum. This allows an analyst to retrospectiyglyduce maps for any mass of
interest, and to interrogate regions of interest tfeeir chemical composition via

computer processing after the data set has beegarmentally acquired.

MEASUREMENTS

ION-TOF IV , with Au® primary ions at 25 keV.

The analyzed zone was 1pM? and the acquisition time 75 s. Blank samples veeadyzed
in the same run as the modified samples. The paaksity refers to the area of the peak
normalized to the total intensity of the spectrdine images were obtained with Atons for
100 scans (~ 40 min).
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Annex 6: SEM, EDX
The scanning electron microscope (SEM) uses a écbgam of high-energy electrons to

generate a variety of signals at the surface afl sglecimens. The signals that derive from
electron-sample interactions reveal information wbdhe sample including external
morphology (texture), chemical composition, andstadfine structure and orientation of
materials making up the sample. The SEM is alpalgie of performing analyses of selected
point locations on the sample; this approach ie@sfly useful in qualitatively or semi-
quantitatively determining chemical compositionsusing EDX.

Accelerated electrons in an SEM carry significambants of kinetic energy, and this energy
is dissipated as a variety of sighals produced legt®n-sample interactions when the
incident electrons are decelerated in the solid pfamThese signals include secondary
electrons (that produce SEM images), backscattesdrons (BSE), diffracted backscattered
electrons (EBSD that are used to determine crygitattures and orientations of minerals),
photons (characteristic X-rays that are used femehtal analysis and continuum X-rays),
visible light and heat. Secondary electrons anddxzattered electrons are commonly used for
imaging samples: secondary electrons are most blalubbr showing morphology and
topography on samples and backscattered electrema@st valuable for illustrating contrasts
in composition in multiphase samples (i.e. for dyphase discrimination). X-ray generation is
produced by inelastic collisions of the inciderneéattons with electrons in discrete orbitals
(shells) of atoms in the sample. As the excitedtsdas return to lower energy states, they
yield X-rays that are at a fixed wavelength (tisatalated to the difference in energy levels of
electrons in different shells for a given elememt)us, characteristic X-rays are produced for

each element in a mineral that is "excited" bydleetron beam.

MEASUREMENTS

SEM images were obtained usingeiss Ultra Il or Hitachi S-4300electron microscope

The energy-dispersive X-ray (EDX) spectra were ioleth using a Hitachi S-4300 microscope

equipped with an energy dispersive X-ray spectrem@xford Instruments INCA system).
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Annex 7: AFM
AFM provides a 3D profile of the surface on a naabs, by measurinfprcesbetween a

sharp probe (<10 nm) and a surface at very shatamte (0.2-10 nm probe-sample
separation). The probe is supported on a flexiblatiever. The deflection of the probe is
typically measure by &geam bounce” methadA semiconductor diode laser is bounced off
the back of the cantilever onto a position sensitphotodiode detector. This detector
measures the bending of cantilever when the tigc#éined over the sample. The measured
cantilever deflections are used to generate a rhigesurface topography.

MEASUREMENTS

5100 Atomic Force Microscope(Agilent technologies-Molecular Imaging), operateda
dynamic tip deflection mode (Acoustic Alternatingréent mode, AAC).

AFM experiments were performed using Silicon Prof@gsplied NanoStructures-FORT) in
the tapping mode with 3 N-Mspring constant at 69 kHz. The images were scammed
topography, amplitude and phase modes with a reégolwf 512x512 pixels and are

representative of 1x1 fmegions over different locations on the studiedames.
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Abstract

Two different processes for the attachment of ty@nomethyl radical ®*CH,CN), deriving
from acetonitrile, to metallic and semiconductingfaces are described.

e The first method is based on an H-abstraction i@actA specially designed aryl
radical can abstract an hydrogen atom from acetienit

e In the second method, the same cyanomethyl radscgroduced by deep UV
irradiation of acetonitrile.

This radical attaches covalently to the surface ianalso responsible for the growth of an
amino functionalized layer. The functionalized fili characterized by various methods
(IRRAS, ellipsometry, profilometry, contact angleeasurements, SEM, EDX, AFM and
chemical derivatization).

Adsorption as a preliminary step in the graftingdadizonium salts is examined in the last
chapter. From corrosion measurements on iron,cbmcluded that there is no adsorption step
prior to the grafting step.

Key words:surface modification, surface patterning, photodlsayy cyanomethyl radical,
diazonium salts, 2,6-dimethylbenzenediazonium, qudism.

Résumé

Cette these décrit deux procédés différents pougrkffage du radical cyanométhyle
(*CH,CN), dérivé de I'acétonitrile sur des métaux et simi-conducteurs.

e La premiere méthode est basée sur une réactiosttiabon d’'un atome d’hydrogene
de l'acétonitrile par un radical aryle stériquememtombré.

e Dans la deuxieme méthode, le méme radical cyangteédist produit par irradiation
dans I'UV lointain.

Ce radical réagit avec la surface métalligue paumér une liaison covalente, il est aussi
responsable de la croissance d’'une couche orgacigugortant des fonctions amines. Ce
film fonctionalisé a été caractérisé par de nomdmsutechniques (IRRAS, ellipsometrie,
profilometrie, angle de contact, SEM, EDX, AFM éridatisation chimique).

Dans le dernier chapitre l'adsorption d’'un sel dezdnium sur la surface du fer
préalablement a son greffage a été examinée. Isedtats indiquent I'absence d’une telle
adsorption.

Mots clés: Modification de surface, modification localisée,hopochimie, radical
cyanomeéthyle, sels de diazonium, 2,6-diméthylbeadxzonium, adsorption.



