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                                     General introduction   



 

 

 

 



Coating of surfaces includes important industrial processes such as Physical Vapor Deposition 

(PVD), Chemical Vapor Deposition (CVD), Electroplating, Electrophoresis and many others, the 

objects obtained with these methods are part of our daily life such as microelectronic equipments or 

car bodies…. Other methods for the modification of surfaces include the reaction of oxidized 

surfaces with silanes and phosphonates as well as Self Assembled Monolayers. More recently 

electrografting has appeared as method for the strong (covalent) attachment of organic layers to a 

variety of substrates from diamond to polymers. A number of chemical groups (amines, carboxylates, 

alcohols, Grignard reagents, diazonium salts, vinylics, alkyl halides) have been found as suitable for 

electrografting. Besides electrografting a number of other procedures have been developed 

(spontaneous grafting, grafting by scribing, by ultrasonication, etc). These methods appear of some 

interest as, for example, grafting of diazonium salts has now reached the industrial stage (either by 

electrochemistry or as a spontaneous reaction). Besides, a number of sensors have been described in 

academic publications. 

Nevertheless, adding new chemicals or new procedures to the list above is a valuable research goal, 

as one can expect faster, more efficient, or more easily scaled up reactions. The search of new 

reactions is the topic of this thesis, particularly the search for easily available molecules that can be 

grafted to surfaces. We report the rather unexpected indirect and photochemical grafting of a 

common, easily accessible solvent: acetonitrile. 
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General introduction 

 

In most cases, deposition of an organic layer onto a metal does not lead to the formation of a 

bond between the substrate and the layer. There are a number of methods available for the 

deposition of an organic layer on a metal, painting is the simplest one, but also roll coating 

(where the polymer sheet is pressed between two rolls on a metal sheet), spraying polymer 

onto metals, etc. 

This thesis describes something very different. It deals with chemical reactions that permit the 

formation of a chemical bond between the substrate (carbon, metal, semiconductor) and the 

organic layer. Some reactions of this type have already been described and the following 

introduction gives a brief account of these methods. 

In the first chapter, we present the bibliographic studies of different methods that permit 

surface modification. These methods are divided in two groups: a) the class of molecules that 

form self assembled monolayers without electrochemical induction and b) the molecules that 

form organic layers on the substrate involving electrochemistry as a means to initiate and 

perform modification (both oxidation and reduction). We start by describing the formation of 

self assembled monolayers using different classes of compounds like fatty acids, silanes, 

thiols, phosphonic acids and alkyl monolayers on silicon. For each class, we represent shortly 

the substrates that can be used, basic modes to prepare these substrates, bonding mechanism, 

stability and some applications. Photochemical modification is described separately, together 

with two important classes of molecules used (alkanes and arylazides). 

The second chapter deals with the electrografting of metals (gold, copper) and 

semiconductors (SiH) with a newly developed strategy using the sterically hindered 2,6-

dimethylbenzenediazonium salt to generate and graft radicals derived  from the solvent 

(acetonitrile), this leads finally to an amino layer. It is interesting to note that the layer can be 

formed spontaneously in the case of copper. We analyse these layers by different techniques 

and present a mechanism accounting for the formation of the layers. 

The third chapter involves the photochemical grafting of acetonitrile under UV irradiation. 

This simple method only necessitates a small UV lamp and a very common solvent, 

acetonitrile. The amino layer that is obtained is identical to that of the second chapter, but 
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through a different mechanism. It is characterized by IRRAS, Tof-SIMS, SEM, EDX. 

Whatever the induction mode (electrochemical or photochemical), the amino groups of the 

surface could be used as a platform for attachment of different biomolecules. 

The fourth chapter investigates an important point in the grafting of diazonium salts. An 

adsorption step takes place before the grafting (bonding) step when diazonium salts are 

attached to graphene or carbon nanotubes (CNTs). We investigate the possibility of an 

adsorption of the diazonium salts prior to grafting on metals. A corrosion study points to the 

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

I. Formation of organic films on different substrates 
This thesis describes the covalent modification of various surfaces (carbon, metals) 

with organic layers, including surface patterning. 

There are now quite a number of methods that permits bonding of an organic layer to a 

surface, even if the presence of a bond its not clearly demonstrated. This introduction gives a 

brief account of these methods. There are also many ways to deposit, without formation of a 

specific bond, an organic layer on a metal by spraying, roll coating …etc.  

In the first part of the chapter, we describe the methods that permit to create these 

layers without any induction – these reactions can be regarded as purely chemical and involve 

surface groups of the substrates (activated or not) and the head group of the molecule 

intended to bind to those surfaces. Although these methods are simple, in most cases, they are 

limited to one surface type (i.e thiols on gold, phosphonic acids and silanes on hydroxylated 

surfaces) or suffer from weak interaction/bonding with the surface (i.e thiol, fatty acids). One 

of the important aspects of their chemistry is the formation of i) organized monolayers 

(thiols), ii) more or less organized layers (silanes, phosphonic acids, alkyl groups on silicon), 

and iii) possible further functionalization and patterning, etc. Hereafter, we will briefly and 

simply describe their chemistry, utility and stability. 

The second part of this chapter describes the powerful, electrochemically based 

methods for attaching covalently different compound types, their characterization and their 

applications. 

 

I. SAMs 
A self assembled monolayer (SAM) is an organized layer of amphiphilic1 molecules 

in which one end of the molecule, the “head group” shows a special affinity for a substrate 

and the ‘’tail’’, which contains a functional group at the terminal end. Different class of 

molecules can form SAMs[1]: 

                                                
1 Amphiphile  (from the Greek αµφις, amphis: both and φιλíα, philia: love, friendship) - term describing a 
chemical compound possessing both hydrophilic (water-loving) and lipophilic (fat-loving) properties. 
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I.1. Fatty Acids  
These monolayers are formed from spontaneous adsorption of long-chain n-alkanoic acids 

(CnH2n+1COOH) on Al2O3
[2-6], TiO2

[7], Ag(AgO)[8-10], stainless steel[11], CeO2
[12] nanoparticles, 

ZnO[13] nanowires , ITO[14]. 

O O
-

AgO
O O

-
O O

-

 
                                                                          Figure. 1. Fatty acid SAM structure. 

The reaction leading to the formation of the monolayer is an acid-base reaction between the 

carboxylate anion and a surface metal cation (Figure 1). This ionic bonding between the 

substrate and the SAM is reflected in their poor stability towards hydrolysis[6]. 

I.2. Silanes 
For the formation of these monolayers, the substrate to be modified needs to be hydroxylated. 

The self-assembling molecules consist generally of three parts: the head group, the alkyl chain 

and the terminal end group[15].  

Si
SiO2

cleaning / 
hydroxylation

Si

OH OH OH

silanization

RSiX3 (X=Cl,OMe,OEt)

Si

O

Si
O

O OH

Si

A
lk

yl
 c

ha
in

Head group

Surface group

 

                                    Figure. 2. Silane SAM obtention and the structure of the formed layer. 

The head group, i.e., trichloro-, trimethoxy- or triethoxysilane, is responsible for the 

anchoring of the molecules onto the substrate. The alkyl chain provides the stability of the 
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monolayer, due to van der Waals interactions, and has a significant influence on the ordering 

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

system and can be further chemically modified to tailor surface properties in a controllable 

fashion[16-18]. The SAM in Figure 2 is a polysiloxane layer that is connected to the surface 

silanol groups via –Si-O-Si bonds. 

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

formation of the layer. Two methods are mainly used for this purpose:  

• The Si wafer is cleaned by dipping it many times in a mixture of concentrated sulfuric 

acid and hydrogen peroxide, and then in an alkaline mixture of de-ionized water, 

ammonium hydroxide and hydrogen peroxide (to remove organic and inorganic 

contaminants as well as unwanted particules from the wafer). Afterwards, the SiO2 

layer is removed using dilute hydrofluoric acid and finally, pure native oxide is 

formed by treating the wafer in a bath of hydrochloric acid and hydrogen peroxide. 

This last step affords an hydroxylated surface. In the last step, the wafer is rinsed with 

de-ionized water and dried under nitrogen. 

• The silicon wafer is submitted to the following successive steps: i) Sonication in 

chloroform to degrease and remove organic contamination; (ii) Photochemical 

precleaning by UV radiation in an oxygen atmosphere for 15 min to transform organic 

compounds (hydrocarbons and oils) into gases or watersoluble species such as fatty 

acids; (iii) Piranha cleaning for ∼10 min, (immersion of  the wafer into a freshly 

prepared mixture of sulfuric acid and hydrogen peroxide), (iv) thorough rinsing with 

DI water and (v) finally, further dry photochemical oxidation for∼45 min to remove 

the last traces of contaminants. 

To prepare the SAM, the clean hydroxylated Si wafer is dipped into a reaction bath containing 

the silane molecule R(CH2)nSiX3 n(X = Cl, OCH3 or OC2H5) dissolved in an alkane/carbon 

tetrachloride mixture. 

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

precursor molecules[19] as above or by activating the substrate with SiCl4 and HNEt2, and 

further addition of hydroxyl functionalized molecules[20][21].  

Silane SAMS can be formed on a variety of substrates such as silicon oxide [19][22-28], mica[34], 

glass[29-32], quartz[27][33], Al2O3
[35-40], ZnSe[41][35], GeO2

[41], TiO2
[42-47], ZnO[48], ITO[22], ZrO2

[47]
, 
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GaN[49],  poly-SiGe[50], BN[51] (cubic boron nitride) and nanoparticules: ZnO[52], Fe3O4
[53][54], 

EuLu2O3
[55], nanodiamond[56], SiO2

[57]
, (-OH)CNT[58-60], TiO2

[61], ZrO2
[62] (nanocrystal). 

O O O
Si

O R
Si O

Si
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Si

R
O

OSi

R
OH

Si

R

OH

OH OHOH

OH OH OH OHOHOH
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H2O

OOO

Si O Si O
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Si O

R

O

OHOH

O

Si XX

R

OH OO

Si X

R

OHOHH2O

+ H2O 

excess
 

                                          Figure. 3. Silane structure dependency on the amount of water in solution. 

To obtain a good quality silane monolayer, one of the most important parameters is the water 

content of the reaction medium (Figure 3) – in the absence of water, the formed layer is 

incomplete[63]; with an exces of water, the silane polymerizes, leading to the formation of 

polysiloxanes, which in turn form islands of multilayer films[28]. The optimal water content is 

estimated to be 0.15 mg H2O per 100 mL of solvent[29]. If the bonded silane has a terminal 

hydroxyl group (or a precursor of it through a chemical reaction), it can be further modified to 

form multilayers. 

The silanes are used in different applications such as: forming patterned assembly of single-

walled carbon nanomaterials onto oxide surfaces[22]; depositing controlled assembly of silane-

based copolymers, which are resistant to piranha solution for several hours [64]; creating 

superhydrophobic layers on Al (using perfluorinatedchlorosilanes), lowering adhesion[38]; 

improving the corrosion protection of metals - and possible use as replacement for chromate 

in general in corrosion control and paint adhesion[65][66]-; micropaterning functionalized 

surfaces by photoreaction of the formed silane layer[67]; biosensing applications[16]; grafting 

surfaces with PEG ( PolyEthyleneGlycol) through modification by aminopropylsilane to 

increase chemical stability[68]; linking biotin to ZnO nanoparticules[52]; preventing 

agglomeration of nanodiamond particules[56]; patterning proteins onto poly-SiGe via 

lithography[50]; functionalizing silica coated porous alumina membrane for advanced 

molecular separation[69]; for  cell adhesion [42] and attachment [43] to Ti surface ,etc.  
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Monolayers are thermally very stable[70-73], depending on the molecule type, they withstand 

temperatures up to 350°C[74], they resist some mechanical wear[75][76], and chemical attack[77]. 

The chemical stability of these silane films has been tested by monitoring contact angles, 

ellipsometry or infrared spectroscopy upon repeated washing at room temperature, showing 

very little change of contact angle, film thickness and a slight shift of the metylene stretch to 

higher frequencies. But when such films were placed in boiling water the change in contact 

angle, thickness was significant due to the film hydrolysis[26].  

I.3. Phosphonic acids  
SAMs from phosphonic acids (Figure 4) can be formed on different substrates: Al[78-81], Ti[82-

85], Fe[86], Si[87][88], ITO[89][90], Zn[91], Cr[92], Cu[92], GaN[93], HfO2
[94]. Diphosphonic acids can 

also form SAMs on: Zn[95][96], Si[97] , Ti[97], Fe[97]. 

O

POH O

R

OO

P

R

O

OH OH OH

a.  b.  

 

                     Figure. 4. SAM monolayers formation: a. monodentate or b. bidentate linkage with substrate. 

These layers are used in corrosion protection[95], as biosensors[90], etc. They have good 

stability under acidic and neutral conditions, but a decreased stability under basic 

conditions[93][97], they are thermally stable up to 400°C[98].  

I.4. Thiols   
The most common protocol for thiol-SAMs preparation is the immersion of the clean 

substrate into a dilute (1-10 mM) ethanolic solution of thiols for 12-18h[99]. Dense surface 

coverage of thiol is obtained some minutes after immersion of the substrate into the solution, 

but the organization process requires time to achieve a maximal density and minimal defects. 

The quality and the formation rate of the resulting SAM is affected by different factors[99]:  

• Solvent - ethanol is used most often due to its low toxicity, and good solubility. Other 

solvents can also be used: tetrahydrofuran, dimethylformamide, acetonitrile, which 

can give a SAM of the same quality[100][101] as that formed in ethanol. The rate of 

formation in other solvens such as heptane or hexane can be faster than in ethanol[102]. 
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• Temperature – increasing the temperature of the solution improves the kinetics of 

formation and reduces the defects of the formed layer[103], the benefit of this increase 

can also be the desorption of adventitious materials possibly present on the surface. 

• Concentration and immersion time – when the concentration of the thiol is low, the 

time of immersion is long. Typically, the formation time is 12-18h, but sometimes 

more time is required to obtain a better quality SAM. 

• Thiols purity – the impurities presented in thiols, are in most cases, their oxidation 

products (disulfides), which up to a concentration  <5% do not change the structure of 

the formed SAM[101]. 

• Adsorbate or surface purity – is one of the important factors, because any adventitious 

material present on the substrate decreases the quality of the formed SAM, or 

increases the formation time. 

• Oxygen concentration in solution – degassing the solvent with an inert gas prior to the 

preparation of the thiol solution and maintaining an inert atmosphere in the course of 

the modification improves the reproducibility of SAM [101]. Oxygen content is 

significant when the substrate to be modified is different from gold, because it leads to 

surface oxidation of the substrate (ex. Pd, Ag, Cu, etc). Other benefit is that the 

reduced oxygen content is reflected in the stability of the dissolved thiol (in the 

presence of oxygen, some extent of the thiols is oxidized into a disulfide). 

SAMS can be formed with a vast range of substrates: Au[104], Cu[104], Ge[105], Hg[106][107], 

Ni [108], Pt[109][110], Pd[101], Zn[111][112],  GaAs[113], InP[114][115], ZnSe[116]; nanostructures 

(particules, clusters, rods) : Au [117-119], Pt[120], Ir[121], Pd[121], Cu[122], Ru[123], clusters of AuAg, 

AuCu and AuxPd1-x 
[122],  CdTe[124][125], CdSe[126], CdS[127][128], FePt[129-131], HgTe[125], 

GaAs[113][132],  PbS[133], PdAg[122], ZnS[134]. 

The terminal group of the SAM can be further modified and tailored [135][136], which broadens 

the scope of thiol chemistry, especially when accounting for the possibility of surface 

patterning to nm scale [137-139]. Thiol-SAMs are used in vast fields of academic 

applications[99][140]: protein immobilization and biosensing , corrosion inhibition, molecular 

junctions , sensors, etc. 

The mechanism for the SAM formation from thiols is not well understood[1][99]; on gold, the 

mechanism is an oxidative addition of the S-H bond to the surface, followed by reductive 

elimination of hydrogen. 
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R-S-H  +  Aun 
0  →  R-S-Au+ *Aun-1

0  +  ½H2 

The SAM layer withstands temperatures to 200-220°C[141][142], and is electrochemically stable 

till -1 V ±0.25 V, depending on the SAM quality and type of thiol[143-145]. Under ambient 

conditions, the layer is not stable and degrades, due to reactions[146][147]: 

2 RS–Au → RSSR + 2 Au 

This limited stability under ambient conditions has restricted their use to the academic field. 

I.5. Alkyl Monolayers on Silicon 
The formation of alkyl monolayers bonded to a Si-H surface was first achieved via an 

hydrosilylation reaction, providing a versatile pathway for formation a stable Si-C 

bond[148][149]. For the reaction to occur, the Si-H bond needs to be activated, this can be 

achieved thermally (heating to 120-200°C)[150], by UV[149] or by white light irradiation[151][152], 

by electrochemistry[153], by using Lewis acid-mediated initiators[153], Grignard reagents (Si-Cl 

surface)[153] (Figure 5).  

The layer can be formed from 1-alkynes without external activation; under the same 

conditions 1-alkenes[154] show little or are hardly any reactivity - which emphasizes the 

superior reactivity of 1-alkynes. The density of adsorbed molecules from long alkyl chains to 

form a monolayer is about 1:2, with the remaining Si atoms being H-bound to silicium. An 

important feature of this method is the possibility to pattern[155][156] and to further chemically 

modify the layer[157]. These SAMS can be used in different applications[157][158]: chemical and 

biochemical sensing, electronics,  etc. 

Si
SiO2

<10% HF 
40% NH4F

or 
H H H H

Si

PCl5 or Cl2

Cl Cl Cl Cl

Si

or ∆ 

R

R R R

H

Si

RLi or RMgX 

R R R H

Si

ROH or RCHO

O
R

O
R

O
R

H

Si
 

                                    Figure. 5. Different reactions for the construction of monolayers on silicon. 

The layer improves the lifetime of the surface in ambient atmosphere by several orders of 

magnitude, compared to a hydrogenated surface[159]. Monolayers formed from 1-alkynes 
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(containing Si-C- bonds) are more stable in aqueous HF and Na2CO3 solution compared to  

those formed from alcohols and aldehydes (both forming Si-O-C-)[160]. The alkyl monolayers 

formed from the reaction of 1-alkenes with SiH are thermally stable up to 340°C [161].   

 

II. Formation of organic nano/micro layers through electrochemistry. 
 

The formation of thin organic layers by electrochemistry can be achieved via reduction or 

oxidation. For the oxidation process, the substrate needs to withstand relatively high 

potentials and this puts a limit on the type of substrate that can be modified. For this reason, 

the reductive methods are more general.  

II.1. Oxidation of amines  
This electrografting process can be only done on a limited type of substrates, due to the high 

potential that is needed for grafting (often higher than +1.2 V vs. SCE), which imposes the 

use of noble substrates that withstand oxidation such as: carbon fibers[162][163], glassy carbon 

(GC)[164][165], carbon felt[166], pyrolized photoresist film[167], Au[165], Pt[165], ITO[168], carbon 

nanotubes, p-Si[169]. 

+ RNH2
- e-, -H+

RNH2+ NHR
 

                                                            Figure. 6. Grafting of amine by oxidation. 

The grafting mechanism proceeds via the one-electron oxidation of the amine group to the 

corresponding radical cation, which deprotonates to give a carbon radical and an aminyl 

radical. This radical reacts with the carbon surface, leading to the covalent attachment of the 

compound via an N-C linkage[165] (Figure 6). It is estimated that grafted diamines are bridged 

with both amino groups to the surface and only 25% of them are bonded with one amino 

group[162]; in order to overcome this issue, one can use N-protected amines i.e protected N-

Boc-ethylenediamine (Boc : tert-butyloxycarbonyl)[170][171]. 

The efficiency of the modification depends on the type of amine intended to be grafted - while 

primary amines are efficient for this purpose, secondary amines are less reactive and tertiary 

ones do not react due to steric hindrance with surfaces[164]. Surface modification of some 

metals (Au, Pt, Cu, Fe) and GC with alkyl amines can be performed without electrochemical 

induction[172]; a mechanism has been proposed for this reaction. Different classes of amino 
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groups containg compounds can also be used in addition to aliphatic amines[162][164][165]: 

aromatic amines[173-175], amino acids[176-178]. In addition to organic anhydrous solvents (such 

as ethanol[164], DMF[179] or ACN[179]), the modification can also be done in aqueous 

solutions[164][166][173-175], ionic liquid media[168] or in pure amine (ethylendiamine[169][180][181]). 

The attachment of amine to surfaces through oxidation is usually achived at fairly elevated 

potentials. In the case of conjugated molecules combining both an amino and an 

organometallic moiety,[182] the amine moiety can be indirectly oxidized through an intra-

molecular electron transfer from the ferrocenyl group to the amino moiety at +0.40 V. 

The thickness of the formed layers range from monolayer (using protected N-Boc-

ethylenediamine[170][171]), to nanometric[183] or micrometric thick layers[169]. The surface can 

be patterned using SECM (Scanning Electrochemical Microscopy)[184], the strategy involves 

the formation of an amine generated at the SECM tip by reduction of a nitro-containing 

compound and the derivatization of the substrate by oxidation of the electrogenerated amine 

after diffusion in the interelectrode space. 

Electrochemical oxidation of amines permits the immobilization of dopamine[164], amine-

terminated polyamidoamine dendrimers[185], gold nanoparticules[177], different redox 

systems[179], laccase[171], iridium and ruthenium complexes[186], Au@Fe3O4 nanoparticles[178], 

gold nanoparticules[187], nitrogen macrocycles[167], azacrown ethers[183]. The formation of 

linear polyethyleneimine coatings[188] is possible, it can be used for pH sensing by grafting 

pure ethylenediamine, charged with lithium trifluoromethanesulfonate[181][169], the grafted 

layer also permits anion exchange[163]. The suppression of protein adsorption [189], can be used 

to attach derivatives of 1,3-dihydroxybenzene[190]. Other applications involve: increasing the 

performance of a fuel cell in methanol oxidation[191], improving the toughness of carbon-

epoxy composites[162], simultaneous determination of hydroquinone and catechol[192], 

simultaneous determination of uric acid and ascorbic acid[177][187], selective detection of 

neurotransmitter serotonin[176], determination of nitrite[178], sensor for phenol 

quantification[193], lead detection through a system based on cyclam-modified graphite felt 

electrode[194]. 

II.2. Oxidation of carboxylates 
Since the oxidation of carboxylates is achieved -as the oxidation of amines -at relatively high 

potentials (E = 1.0 ± 0.15V[195][196]), this method is also limited to non oxidizable substrates 

such as GC[195][196], HOPG[195], carbon felts[197-199], PPF[200]. 



Chapter 1 │ Surface coatings, a Review 

 

- 12 - 
 

RRCO2
-

- e-

RCO2

-CO2 R

 

                                                   Figure. 7. Grafting of carboxylates onto carbon materials. 

The grafting mechanism involves the formation of the radical through electrooxidation of the 

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

Grafted molecules include substituated aryl[195-198] and alkyl acetates (using ferrocene 

derivatives as electron transfer mediators)[201][202]. The grafting medium usually consists of an 

organic solvent (ACN[195-197], DMF[203]) containing an inert electrolyte or an aqueous 

medium[198].  

The stability of the layers has been examined. Based on redox probes, the grafted layers can 

be oxidatively removed in an acetonitrile + inert electrolyte solution by scanning the potential 

at a slightly more positive value than the grafting potential[195], although there is evidence that 

the measured film thickness does not change after positive cycling of film to potentials as 

high as +2V. The grafted film has a multilayer[200][202] structure.  

Further reactions can be performed: a modified felt substrate can be used as a possible support 

for combinatorial chemistry[199], it shows electrocatalytic oxygen reduction properties[203], it 

can be used for anchoring bipyridine ligand complexes[204].  

II.3. Oxidation of alcohols 
Even more than the methods above, this reaction suffers from the fact that the substrate needs 

to withstand high potentials as the oxidation of alcohols is achieved at elevated potentials. 

Thus it can only be used to modifiy carbonaceous materials GC[205-211], graphite felt[212]. The 

modification is usually carried out in an aqueous solution using H2SO4
[205][206] or 

LiClO4
[208][209] as supporting electrolyte, the latter one giving better results[209]. The reaction 

mechanism has not been clearly established (Figure 8). 

ROH
- e-

OR

 

Figure. 8. Mechanism of alcohol oxidation on carbon material. 
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Applications involve: suppression of GC electrode fouling from non-specific adsorption of 

serum proteins[205]; attachment of phenanthroline alcohol ligand on which a catalyst (a 

ruthenium complex) is immobilized, which shows a good selectivity for the oxidation of 

primary alcohols to aldehydes[212]; anchoring of dendrimer-Pt(II) complexes (G4OHPtEC) on 

GC, which shows electrocatalytic activity for oxygen reduction[213]; electrochemical detection 

of dopamine[206]; immobilization of TEMPO on the grafted layer at GC electrode[211]; 

immobilization of laccase [214]. 

II.4. Oxidation of Grignard reagents 
Modification of different[215][216] silicon surfaces and other substrates like Ga-Cl with 

Grignard reagents is achieved either electrochemically by oxidation2 on Si-H[217][218][219] or 

spontaneously (Si-H[220][221][222], Si-Cl[223][153][224], Ga-Cl[225], porous silicon[226][227]). The 

spontaneous[223] reactions are also possible using alkyl or aryl lithium reagents. The grafted 

molecules involve different Grignard derivatives (like alkyl[226], vinyl (and other unsaturated 

hydrocarbons moieties)[220], ethynyl [228][219], aryl[226][227]) or alkyl lithium[223] / aryl lithium[227] 

derivatives.  

-Si    +    RMgX   +   h+                -SiR   +   MgX+

RMgX  +    h+                  R   +   MgX+

-SiH   +   R                -Si    +    RH 

-Si    +    R                -SiR 

also

R   +   SH              RH   +   S

R   +   R                R-R

-Si   +   SH            SiH   +   S    

 

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

The grafting mechanism is presented in Figure 9. The oxidation of the Grignard reagent 

provides a R● radical, this radical abstracts an hydrogen from the surface to give a silyl 

radical. This formed silyl radical can react with an R● radical to give Si-R the modified 

surface. 

Concerning the spontaneous grafting mechanism of the aryl lithium reagent on porous silicon 

the reactions proceeds by addition to a Si-Si surface bond, resulting in a Si-aryl bond[227]. The 

anodic oxidation of CH3MgI leads to a fully methylated[229] silicium surface (100% 

                                                
2 Note that Si is an easly oxidized material – the electrografting is performed in a glove box in the absence of 
water and oxygen. 
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substitution of hydrogen atoms by methyl groups in Si-H). The Si-Cl has been reacted with 

Na-C≡CH, giving a Si-C≡CH surface[230]. The thickness of the films can range from 

monolayer[231] to nanometer (few layers)[219][232] or micrometer films[233]. The electrochemical 

grafting of Grignard reagents is a more efficient for surface passivisation than the thermal one 

and provides more uniform films [234].  

Si surfaces derivatized with longer alkyl chains are resistant to oxidation (formation of the 

oxide layer on these surfaces is slower than that on the unmodified surface) and the formed 

alkyl layer resists immersion for 15 min in boiling solvents (aerated chloroform and 

water)[223]; in air these modified surfaces resist oxidation for a period of ~50 h, much longer 

than SiH surfaces. The pulsed photoluminescence of Si surface, modified electrochemically 

with ethynyl groups, shows a higher intensity and a lower surface photovoltage than the 

unmodified ones. This is an indication of a low amount of defects at the interface (better 

passivation)[228]. The formed monolayer[235] can be further modified and functionalized, thus 

broadening the usage utility of these surfaces.  

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

solvents and in a dry box. 

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

means of grafting organic moieties to many substrates[236-238]. The electrochemical reduction 

of these salts at a glassy carbon electrode allows the attachment of organic moieties through 

the formation of the corresponding aryl radical[239][240]. This electrografting method involves a 

reduction and is applicable to many substrates: other carbon materials (nanotubes, particules, 

etc), coinage and precious metals, metal oxides, semiconductors and even polymers. 

Substrates 

• Carbon materials - glassy carbon[239-242], graphite[243-245], highly ordered pyrolytic 

graphite (HOPG)[246-250], graphene[251-257], pyrolized photo resists (PPF)[258-262], carbon 

felts[263][199], carbon blacks[241][264-267], carbon fibers[239][268][269], carbon nanotubes[270-

275] or nanohorns[276][277], ordered mesoporous carbon[278-281], ultrananocrystalline 

diamond[282-285], boron-doped diamond (BDD)[286-290], diamond particles 

(nanoparticules) [291-294] and nanowires[295]. 
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• Metals, oxides and semiconductors - Fe[296-305], Zn[298][302], Ni[303][306], 

Cu[298][302][307][308], Co[303][306], Cr[309], TaN/Ta[301], Zn, Ni[310], Au[298][311-316], gold 

nanoparticules: [317][318] Pd[319],  Pt[320-325], indium tin oxide (ITO)[326-328], SnO2
[302]

, 

SiO2
[329]; Fe3O4 nanocrystals[330], different Si substrates[331-339], GaAs[319], Ge 

nanowires[340]. 

• Polymers -  Teflon®[341], polyaniline (PANI)[342][343]. 

II.6.1. Electrochemistry of diazonium salts 
The electrochemical grafting  involves a one electron reduction of the diazonium cation to the 

aryl radical (this is accompanied with the loss of a nitrogen molecule) and the binding of this 

radical to the substrate (1), this formed radical can be also reduced into the anion (2). 

C

M
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P
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M
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P

e-
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+ -N2 R RCH3
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Figure. 10. 1) The mechanism of diazonium grafting to different substrates (C-carbon materials, M-metals, SC-
semiconductors and P-polymers) and 2) formation of aryl anion from the reduction of the aryl radical. 

The mechanism (Figure 10. 1) is shown to involve an electron transfer concerted with the 

cleavage of the C-N bond and the loss of dinitrogen molecule[344]. The reduction of the aryl 

radical to the corresponding anion takes place at more negative potentials (Figure 10. 2), this 

is sometime observed by a secondary small wave at �� = −0.64 �/��� during the cyclic 

voltammetry scan and corresponds to the reduction of residual aryl radicals that did not 

dimerize or undergo further reaction. The redox potential could be obtained from the 

simulation of the voltammogram ���∙/���
� = +0.05�/��� . The reduction potential was also 

obtained by measuring the number of electrons consumed at different potential values during 

the reduction of other aryl radical sources finding a potential of  ���∙/���
� = −0.95�. These 

values of the redox potential for Ar
.
/Ar- are quite different, this is certainly related with 
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experimental difficulties. The diazenyl radical •N=N-Ar can be observed (for example, by 

pulse radiolysis in strong acidic media), but it should not be an intermediate under normal 

grafting conditions at low potentials. 

During the reductive electrografting around 0 V, when the potential is scanned toward 

negative values, an irreversible wave is obtained, which on the second or third scan, 

completely disappears; this decrease of the current is related to the formation of an organic 

layer, which blocks any further reduction reaction at the electrode surface. If the grafting is 

performed by chronoamperometry, the current drops very rapidly, it does not decrease along a 

Cotrell law -f(t-1/2)- as it should expected for a reduction reaction without coupled chemical 

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

II.6.2. Stability of the layers 
The layers formed during the grafting of diazonium salts are very stable, they resist prolonged 

ultrasonic cleaning (ACN, dimethylformamide, dimethyl sulfoxide, benzene, benzonitrile, 

acetone, methanol, ethanol, dichloromethane and chloroform for 15 min each), boiling in 

different solvents and a long time of exposure to ambient conditions[236]. The resistance of 

these layers in the case 4-bromophenyl groups grafted on Si is 2 min when treated with 

aggressive 40% solution of hydrofluoric acid and one min when treated with a 10 mol/L 

solution of ammonium fluoride[236]. In the case of SiH grafted with bromophenyl groups, the 

layers are stable in air 6 months and no loss of the Br signal is observed during this time[331].  

The existence of the bond between the substrate and the organic layer has been calculated by 

the Density Functional Theory (DFT), this bonding energy is highest on silicon with the value 

of -292.6 kJ/mol, -171.4 kJ/mol on iron  and -100.3 kJ/mol on gold[345]. 

II.6.3. Different diazonium salts 
The grafted diazonium cations include a variety of substituents (methyl, t-butyl, ethyl, 

naphtyl, carbonyl, anthraquinonyl, carboxyl, cyano, fluoro, perfluoro chains, chloro, bromo, 

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

Usually the grafting reaction is performed using diazonium tetrafluoroborates in ACN + 

electrolyte[236] or it can be performed  in acidic[296][346], neutral[347] or basic[348] aqueous media 

(in these last two cases, diazoates are the reactive species). Grafting can also be performed 

directly without isolation of diazonium salts through the ‘in situ’ procedure starting from an 

aromatic amine and adding sodium nitrite at low pH in acidic medium[349][264] or by dissolving 

the amine in ACN and adding t-butylnitrite[350].  
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Table 1. Some interesting grafted diazonium salt structures and their uses. 

N2
+

SO2NSO2CF3

-

 
(during the reduction of the zwitterions, an 
electrolyte layer is formed [351] ) 

BF4
-
 N2

+
O O

O O

 
(creation, on GC, of an interface, which 
resists non specific adsorption of proteins[352]) 

N

N

NN

N

N
N2

+

Ru 2+

 
(covalent attachment of the ruthenium 
complexes to carbon  nanotubes [353], the 
reduced form of the grafted complexes 
shows strong affinity toward CO2 

[354]) 

N2
+

Co+

 
(construction of organometallic electrodes,   
which have approximately a monolayer  
surface coverage [355] of redox species) 

S

S

+
N2  

(reversible tunable electrochemical 
switches having a diode-like behavior 

[356][357]) 

BF4
-
 N2

+
S (CH2) (CF 2)5 CF3

 
(grafted layers show outstanding wear 
resistance with low contact resistance [358] ) 

N N
+

N2
+

 
(provides a monolayer of benzaldehyde 
after chemical acid cleavage step[359] ) 

SN2
+

S Cl

 
(provides a monolayer of thiophenolate after 
electrochemical reductive cleavage step[360] ) 

             diazotized - P R O T E I N 
 
(reaction of  amino groups from rabbit IgG 
proteins with 4-aminophenylacetic acid, 
‘ ’in situ’’ diazotation of these amino 
groups and covalent attachment of the 
protein to the surface[243]) 

BF4
-
 N2

+
COOH

O2N  
(wiring enzymes to electrodes to achieve 
direct electron transfer to native glucose 
oxydase [361] ) 

 

II.6.4. Different grafting methods 
The reduction of diazonium salts can also be spontaneous on reducing metals[346][347][362], on 

glassy carbon[363], carbon nanotubes[273], graphene[251] , diamond[284], and carbon black, but 

also on silicon[364]. The spontaneous reduction of a particular diazonium salt on metals 

depends on the reducing power of the metal (it follows the order of open circuit potential) and 

the reduction potential of the salt; reduction is more efficient with more reducing metals and 

with more easily reducible diazonium salts[302]. Spontaneous grafting on copper is less 

efficient in acidic water than in acetonitrile[308]. During the spontaneous modification of gold 
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by 4-nitrobenzenediazonium (NBD) in 0.1 M H2SO4 at open-circuit potential, it has been 

proposed, rather surprisingly, that the grafting reaction involves electron transfer from gold to 

the NBD cation[346].  

Spontaneous or electrochemical grafting in neutral and basic aqueous media involves a 

different grafting mechanism; in these media, the diazonium salts react with hydroxyl ions 

forming transient diazohydroxides, which are deprotonated to diazoates which in turn react 

with the surface[348]. In the case of GC, in organic media, spontaneous grafting only occurs 

with 4-nitrobenzenediazonium which is easily reducible and the grafting does not take place 

with diazoniums that are less reducible (diethyl, aminodiphenyl and triphenylaniline). The 

electrochemical grafting of diazoniums is possible in many ionic liquids; in such media, the 

grafting efficiency decreases with ionic liquid viscosity [365].   

The grafting can be initiated by irradiating charge transfer complexes (including an electron 

donor such as dimethoxybenzene and a diazonium salt); with this method various polymers 

such as polypropylene, polyethylteraphtalate and also inorganic substrates such as SiO2, TiN 

could be derivatized [366]. 

RN2
+

RN2
++

Temperature

Scribing
Spontaneous reduction

Electrochemical reduction
Ball milling

Reduction in solution (using 
reducing agents)

UV irradiation

Microwaves

Ultrasounds

 

                                              Figure. 11. Different means to initiate the diazonium grafting. 

The formation of an organic layer, on different substrates, by reduction of diazonium cations 

can be achieved with hydrophosphorous acid as reducing agent; in this manner, graphite, 

carbon nanotubes and carbon powder have been derivatized[367]. Modification of CNT with 

diazonium salts can be assisted by microwave[368] (the modification of nanohorns can be 

achieved in solvent free process by using microwave irradiation[277]) or  by thermal 

reaction[369]. Ultrasounds can be also used as a mean to perform grafting (diamond[370], 

ITO[328]). On SiO2, the formation of an organic layer can be achieved by simply scribing it 

with a diamond in the presence of 4-nitrobenzenediazonium[371]. The GC spheres are modified 
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by an organic film through a ball milling reaction with diazonium salts (nitrophenyl, 

anthraquinonylbenzene diazonium).  

II.6.5. Post grafting modification 
Due to the impossible isolation of diazonium salts that contain an amino group attached 

directly to the phenyl ring (the amino group is a good nucleophile and thus reacts with the 

diazo group), the general methodology to obtain a grafted layer containing amino groups 

involves grafting the nitrobenzenediazonium salt and then reducing the grafted layer to amino 

groups (Figure 12); however the - NO2 groups are not totally converted to –NH2. It is 

interesting to note that this electrochemical transformation of –NO2 to -NH2 is substrate 

dependent - the rate of electron transfer for the conversion is lower on gold than on glassy 

carbon and  the conversion by chronoamperometry (under the same conditions) is only 

complete on gold but not on glassy carbon[372]. 

NO2 +   4 H+    +   4 e- NH OH +  H2O

NH OH +   2 H+    +   2 e- NH2

 

Figure. 12. The mechanism for the electrochemical reduction in acidic aqua media of the grafted layer containing -
NO2 group into –NH2 group. 

Another possibility to attach the aminophenyl group is the protection/deprotection approach - 

first the protected diazonium NHBoc-CH2-C6H4-N2
+ (Boc = tert-Butyloxycarbonyl) is grafted 

and then deprotected to give the –NH2 group[373]. The elegant and simpler solution that avoids 

the deprotection step involves the use of diamines that are monodiazotized; this is usually 

done in an acidic solution by adding 1 equivalent of sodium nitrite to the amine[374][375], but 

this transformation is also possible in organic solvents using amine + 1 equivalent of isoamyl 

nitrite.  

It is possible to graft simultaneously two different diazonium salts on GC by using mixtures 

of two diazoniums: 1) 4-nitrophenyldiazonium and 4-bromophenyl diazonium cations and 2)                 

4-bromophenyl diazonium and N,N-diethylaniline diazonium cations. The higher grafting 

efficiency is obtained with the substituted phenyl group for which the corresponding 

diazonium cation is the most easily reduced. Its surface proportion is higher than its 
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proportion in the deposition solution[376]. Grafting layers on top of each other is obtained by 

attaching a rather thick conductive polyphenylene layer to the substrate and then grafting 4-

nitrobenzenediazonium or 4-bromophenyl diazonium on top of the first polymer layer. The 

deposition of copper is also possible on the polyphenylene layer[301]. 

The surface functionality of the grafted layer can be changed through electrochemical or 

chemical post transformation. The grafted layer of nitrophenyl groups can be transformed 

through electrochemical reduction into phenylhydroxylamine groups (-1.7 V/Ag wire in 

ACN). The transformation of a phenylcarboxylic layer chemically (1 M BH3/THF) or 

electrochemically into a benzylalcohol layer is also possible[377]. The grafted layer of 

benzylchloride (GC-C6H4CH2-Cl) on GC can be chemically modified with 4,4’-bipyridine at 

room temperature in an aqueous solution with a 5 day reaction time to give GC-C6H4CH2-

(+Py)-(Py), Cl-. This surface can, in turn, be reacted with benzyl iodide to give: GC-C6H4CH2-

(+Py)-(Py+)-CH2-(Py), Cl-, I-.
[378] The amino group of the GC grafted with 4-(2-

aminoethyl)phenyl groups layer can be transformed into an urea function by reaction with p-

substituted phenylisocyanates (ONC-PhX; X = NO2, COPh, Cl, H, and NMe2); this is done by 

immersing the grafted layer containing the amino group in a 20 mM solution of isocyante in 

toluene for several hours[379]. Nucleophilic reactions using thiolates as nucleophiles can be 

performed on grafted carbon felt functionalized with a benzyl chloride layer using an 

extended reaction time (t = 108 h ) and elevated temperatures in order to increase the reaction 

yields[199]. Grafting covalently protected amino group BocNHCH2C6H4, removing the Boc 

group (a, Figure 13) and reacting with anthraquinonecarboxylic acid (as redox model) (b, 

Figure 13), gives a layer with bonded anthraquinone groups[380].  

NHBoc NH

O

O

O
a, bGC GC

 

                Figure. 13. Attachment of anthraquinone to a carbon surface through a protection-deprotection method. 

The reduction of a grafted nitrophenyl layer to an aminophenyl layer and the attachment of 

EDTA molecule to the –NH2 groups in the presence of a coupling agent is also possible to 

obtain a complexing layer[381].  

The grafted surface can be used for anchoring nanobjects like fullerenes[382], nanotubes[383-387] 

and nanoparticules[388-391]. 
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II.6.6. Monolayer vs. multilayer  
During the grafting, depending on the experimental conditions and on the molecule to be 

grafted, layers can vary from nanometer to micrometer thickness[301][305] – i.e. ranging from 

monolayers[333][359][392][393] to multilayers-[248]. 

The mechanism for the electrochemical attachment of aryl groups to carbon or metallic 

surfaces has been assigned to the reaction of an aryl radical, produced concertedly with the 

electron transfer to the diazonium salt, and further reaction of this radical with the carbon 

surface (R1 + R2 in Figure 14). The transfer of a second electron to another diazonium salt 

leads to the formation of dinitrogen and a new radical, which would attack the first grafted 

nitrophenyl group to give a cyclohexadienyl radical along reaction R3. In order for the layer 

to grow, this radical must be reoxidized - this can be achieved by electron exchange with 

another nitrophenyl diazonium cation along reaction R4. Due to high reactivity of the 

diazonium salts, multilayered films are formed even during spontaneous modification of gold 

in acidic media[346]. 

C
2 e- RN2

+

+ 2 N2C R2 x RCH3C

R1 R2
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                           Figure. 14. The mechanism for the formation of multilayer during the grafti ng of diazoniums. 

The formation of monolayer films can be achieved by precisely controlling the cycling 

conditions in cyclic voltammetry; on PPF, this is done 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 concentration of biphenyl and 4-

nitrobiphenyldiazonium salt in acetonitrile; conversely upon repetitive scans, the formation of 

poly 4-nitrophenylene multilayers is achieved[258]. By monitoring the charge Q and by proper 

choice of the potential during the grafting of Si-H with bromophenyl and bromobenzyl 

diazonium, it is possible to obtain dense and ordered monolayers[333].  

By using the diazonium salt of diaryl disulfides during the grafting, a multilayer of diaryl 

disulfide is obtained, which is reductively cleaved to a monolayer of thiophenolate (the 

thickness of the layers, measured by AFM, is 3±1 and 1.5±0.5 nm respectively before or after 

the cleaving step) (Figure 15 A)[360] . This same ‘’formation/degradation‘‘ approach has been 

applied to hydrazones in which the first step is the grafting of a long-chain of bulky alkyl 

hydrazone to minimize multilayer formation and the second step is the deprotection of this 

group by acidic hydrolysis to give a monolayer of phenylcarboxaldehyde groups (Γ=4x10-10 

mol/cm2) (Figure 15 B)[359] .  

N N
+

H2O, H2SO4 2%EtOH

O

H

S

S Cl
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S
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Figure. 15. Grafting a monolayer using the ‘’formation/degradation’’ approach : A) using the formation of a 
multilayer of diaryl disulfides and its reductive cleavage to a monolayer of  nucleophilic thiophenolate [360] and  B) 
using a grafted long chain alkyl hydrazone and its cleavage in acidic media to a monolayer of benzaldehyde[359]. 

Elegant control to form a monolayer is the use of steric effects during the grafting of 

diazoniums, by properly choosing the molecules structure: no grafting is observed with          

2-ethyl or 2,6-dimethylbenzenediazonium tertrafluoroborate, a monolayer is obtained with 

3,5-t-butyl benzenediazonium and multilayers are produced with 2-, 3-methyl, 2-methoxy, 

3,5-dimethyl, 4-t-butylbenzenediazonium cations)[394]. 
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Grafting of 4-nitrobenzenediazoniumtetrafluoroborate in an ionic liquid (1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imid) on GC, points to the formation of 

monolayer although this conclusion is based only on the measurements of surface 

concentration, which is not really reliable in this case[395]. 

II.6.7. Patterning using the reduction of diazoniums 
Nanoscale patterning of PPF (≈2µm wide patterns) is performed by grafting the entire surface, 

removing the grafted film with an AFM tip and second grafting of the scratched zone with 

another diazonium salt; this permits to incorporate different chemical functionalities in the 

pattern[396]. Patterning of different types of substrates (Au, Cu, Si, PPF) is also done by micro 

contact printing using poly(dimethylsiloxane) stamps inked with aqueous acidic solutions of 

aryldiazonium (aminophenyl or carboxyphenyl diazonium) salts; this permits to obtain 

≈20µm wide patters[397][398]. Local doping of semiconductors can be used to form 1µm 

patterns on the dopped zone[399]. 

Grafted domains of ≈ 50 µm2 on ITO are obtained by using polystyrene beads [326]. Auto 

organized arrays of polystyrene beads are used to mask the surface of gold; then, nanoscale 

patterns of an organic layer are grafted on the unmasked area. After grafting, the patterns are 

revealed by the removal of the polystyrene beads – forming an imprint of aryl layers with 

holes on which copper can be deposited or different organic layers can be grafted[400]. 

A localized (≈40 µm wide) grafted pattern is obtained through the electrochemical conversion 

of a nitrobenzene derivative (c=1 mM, in solution containing an equivalent amount of sodium 

nitrite) using an SECM tip (positioned 6 µm from the gold substrate, under potentiostatic 

conditions,  -0.4 V for 5 s). The electrochemical conversion gives an aniline derivative, which 

is diazotized and then grafted to a gold substrate (polarized at -0.1 V). Nitrobenzene is 

reduced to an amine at the SECM tip; as aniline diffuses to the substrate, it is diazotized in the 

tip-to-substrate gap and attaches to the substrate[401]. Using SECM in a three-electrode 

configuration, by positioning a Pt microelectrode (serving as a microanode) above the gold  

substrate (polarized  at -0.5 V) in a solution containing 5 mM 4-azidobenzenediazonium + 0.1 

M NBu4BF4, it is possible to obtain localized grafted spots whose size can be tuned by 

choosing the tip diameter and the tip-gold plate distance. With a grafting time of 10 ms and by 

using a 50 µm diameter tip, the size of the grafted spot depends on the tip-substrate distance: 

500 µm grafted spots are obtained when the electrode is positioned ≈3 µm above the substrate 
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and much smaller spot when the electrode is positioned at ≈1.5 µm. Reducing the tip diameter 

leads to smaller grafted spots[402]. 

II.6.8. Techniques for the characterization of the grafted layers   
The characterization of the formed layers is achieved using a vast number of different 

techniques: cyclic voltammetry, EIS (Electrochemical Impedance Spectroscopy), infrared 

spectroscopy (IRRAS -InfraRed Reflexion Absorbtion Spectroscopy-, PMIRRAS -

Polarization Modulation IRRAS-), SEM (Scanning Electron Microscopy), AFM (Atomic 

force Microscopy), XPS (X-ray Photoelectron Spectroscopy), EDS (Energy Dispersion 

Spectroscopy), Tof-SIMS (Time of Flight Secondary Ion Mass Spectroscopy), Rutherford 

Backscattering, EQCM (Electrochemical Quartz Crystal Microbalance) etc. Some of 

interesting informations about the grafted layer will be included for each technique: 

Cyclic voltammetry is used to perform grafting, to analyze the surface and to calculate the 

concentration of the grafted group if the latter has redox propreties (as explained below, this 

method should be used whith great care)[298], and to analyze the blocking behavior of the 

layer. When the electrode is modified electrochemically with a diazonium salt containing a 

redox group (nitrophenyl, anthraquinonyl), the reduction potential of this group, in the layer, 

does not change very much from one substrate to another and is similar to that of the parent 

compound (nitrobenzene, anthraquinone) in the same solution[298]. For example, in the case of 

layers containing nitro groups, the presence of this group is observed by scanning the 

modified electrode at negative potential and considering a reduction peak related to the 

transformation of the nitro group into amino and/or hydroxylamino groups in aqueous acidic 

solution. The presence of grafted anthraquinone groups on the modified SWNTs is observed 

by depositing the modified SWCNTs on an electrode and performing voltammetric scans 

from 0.2 to −0.5 V vs. SCE (in a buffer solution of pH=1). After some scans, two peaks are 

observed in the 0/ -0.3 V vs. SCE range. They correspond to the transformation of the 

quinonyl into an hydroquinolyl group, thus demonstrating electrochemically the attachment of 

the anthraquinone molecule to the SWCNTs[403]. 

The reduction of diazoniums on gold sometimes give rise to multi peaks; this is related to the 

gold multicristalline structure of the gold electrode. The reduction on Au(111) facets gives a 

single narrow reduction peak, but when the reduction is performed on Au(100) facets, two 

reduction peaks are observed. On a polycrystalline electrode, during the cyclic voltammetry, 



Chapter 1 │ Surface coatings, a Review 

 

- 25 - 
 

each observed sub peak corresponds to the reduction of the molecule on a distinct 

crystallographic site[313]. 

The indirect evaluation of the grafting and the evidence of an organic layer on the electrode 

surface are achieved simply by cyclic voltammetry using redox probes (a redox couple in 

solution, such as ferrocene/ferricinium or ferro/ferricyanide). This probe presents a fast 

reversible behavior on a clean unmodified electrode, but on a modified electrode, the 

voltammogram corresponds to a much slower electron transfer or even completely disappears. 

The observed blocking behavior of the electrode is strongly influenced by a number of factors 

among which the choosen redox probe (charged or not) and the compacity of the layers (for 

example, an aminophenyl layer is more compact than a nitrophenyl layer). 

 

Figure. 16. Influence of the steric effects on the voltammetric behavior during the grafting of 4 mM substituted 
diazoniums salts in ACN + 0.1M NBu4BF4, Reference Ag/AgCl,  1,2) 2 mm glassy carbon electrode, scan rate 0.1 V s-1. 
3) 1 mm copper electrode, scan rate 50 mV s-1.  1) (A) 2,6-dimethylbenzene diazonium, (a) first, (b) second, and (c) 
tenth scan, and (B) 2-ethylbenzenediazonium, (a) first, (b) second, and (c) fourth scan. 2) (A) 2,4- and (B) 3,5- 
dimethylbenzene diazonium, (a) first, (b) second, (c) third, and (d) fourth scan.[394] 3) 3,5-bis-tert-
butylbenzenediazonium  (a) first scan; (b) second scan; (0) blank[392]. 

The grafting efficiency on diamond depends strongly on its surface terminal groups, by cyclic 

voltammetry, during the attachment of 4-nitrobenzenediazonium tetrafluoroborate on the –H 

and –OH  terminated diamond, the cathodic peak is located at the same potential in both 

cases, but the obtained current is 3 times higher on –H than –OH terminated diamond, 
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reflecting better grafting efficiency on the first one, on –O terminated diamond the reduction 

peak shifts toward more negative potential with a significantly smaller currents indicating a 

lesser grafting efficiency[404].  

When grafting the 3,5-di-t-benzenediazonium tetrafluoroborate (Figure 16. 3), the current 

decreases slowly. In this case, the first grafted layer contains bulky steric groups that prevent 

further attack of 3,5-bis-t-butylphenyl radicals on this layer. As a consequence, a monolayer is 

obtained[392]. Conversely, during the grafting of 2,6-dimethyl or 2-ethyl benzenediazonium 

cations (Figure 16. 1), the successive scans are identical to the first one, indicating that, upon 

reduction, these diazoniums do not graft to the surface[394]. In the case of other diazonium 

salts with various substituents on different positions (2-, 3-methyl, 2-methoxy, 3,5-  dimethyl, 

4-t-butyl), the cyclic voltammograms are those usually observed during grafting (Figure 16. 

2), the first reduction wave its observed and on second or third scan, the surface is blocked 

and the peak disappears[394].  

The electrochemical stability of the films can also be evaluated by using redox probes. For a 

grafted electrode, the signal of the redox probe in solution may disappear. If the signal 

reappears by scanning at very negative or positive potentials, this indicates that the film has 

been removed. For example, this reappearance of the redox probe signal is observed when the 

potential reaches negative ca. -2 V vs. SCE or positive +1.8 V vs. SCE values - this means 

that the film is stable from +1.8 to -2 V vs. SCE [405]. 

Infrared and Raman spectroscopy  permits to assess the presence of organic layers on 

reflective substrates. They can be used to ascertain the presence of a specific functional 

groups or its transformation in the grafted layer[379]. For example, the FTIR spectrum of CNTs 

modified with anthraquinone groups, measured using KBr pellet technique in the 1000- 2300 

cm-1 region, shows the peaks related to 1695 cm-1 C=O stretching mode (of the quinonyl 

group) and 2926, 2858 cm-1 (C-H stretch)[403]. Some features for this technique are shown in 

Table 2. 

A gold wafer modified with 4-nitrobenzenediazonium and analyzed by IRRAS contains a 

significant amount of physisorbed material (the products formed, in solution, upon reduction 

of the diazonium salt). The decreased intensity of –NO2 stretch of the grafted plate upon 

sonication in ACN indicates the presence of only 35 % of the final grafted material, the 

remaining products being only deposited/adsorbed in/on the film[314] . Spontaneous grafting of 



Chapter 1 │ Surface coatings, a Review 

 

- 27 - 
 

metals by simply dipping them in a diazonium salt solution can be observed through the 

increase of the peaks intensity with the immersion time (Figure 17)[302].  

The bulk Raman spectra of grafted groups are very similar to those of the parent molecule. 

However, when a monolayer of azobenzene is grafted on GC, the vibration band at 1240-

1280cm-1, which is not observed in the parent molecule, corresponds to the covalent –C-C- 

bond between the GC and the layer. It is possible to observe by Raman spectroscopy the 

rotation of the grafted nitroazobenzene (NAB) group at the graphite edge plane about the C-C 

bond of the NAB/carbon interface by observing the depolarization ratios[407]. In the case of 

the spontaneous modification of the graphene layers with the 4-nitrobenzenediazonium 

cation, it is possible to demonstrate, using confocal Raman spectroscopy, that diazonium ions 

preferably bind to single layer graphene and only weakly to bi-layered areas. This shows 

different reactivities of the single and bi-layer graphene. In addition, grafting on graphene is a 

two-step mechanism, the first step being the adsorption of the diazonium cation onto graphene 

(see Chapter 4)[251].  

 

Figure. 17. Influence of immersion time on FT-IRRAS reflection spectra of nitrophenyl modified Zn surfaces. 
Modification of zinc surfaces consists in dipping the substrate in 10 mM 4-nitrobenzenediazonium tetrafluoroborate 
solution in ACN for 5, 30 and 120 min[302]. 

The orientation of molecules on PPF can be determined by Raman spectroscopy, using the 

selection rules for molecules on a surface. Only the components of the dipoles parralel to the 

vector of the polarized light are excited and give rise to adsorption. The average tilt angle with 

respect to the surface normal of 4-nitroazobenzene is 31.0 ± 4.5° and 44.2 ± 5.4° for fluorene, 

azobenzene, biphenyl, nitrobiphenyl (these layers are in upright orientation) [408].  
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Table. 2. IRRAS (A), (B) PMIRRAS and (C) Raman spectroscopy characterization of grafted layers 

Grafted molecule structure Assigned to: 

N

GC
[406] (A) 

3016 cm-1   aromatic C-H stretching 
2930-2850 cm-1   aliphatic C-H 
stretching 
1590 cm-1   aromatic  C=C stretching 
1480-1500 cm-1  ring breathing 
1245 cm-1   phenyl-N stretching 

NO2

Au
40nm

[318] (C) 
 

1589 cm-1    ring breathing 
1344 cm-1    symmetric NO2 stretching 
1110  cm-1   C-N stretch + ring 
stretching 
1080(w) cm-1    CH in-plane bending 
852  cm-1     ONO scissor  + ring 
stretching 
412 cm-1      Au-C stretch 

NO2

Fe
[296] (B) 

 
1600 cm-1    ring breathing 
1522 cm-1    NO2 asymmetric stretching 
1350  cm-1   NO2 symmetric stretching 
 

O

Fe
[296] (B) 

1658 cm-1   carbonyl group 
1311 cm-1   aromatic in-plane CH 
vibrations 
1278 cm-1   aromatic in-plane CH 
vibrations 
805 cm-1     CH out-of-plane 
 

F

F F

F

F

Fe
[297] (A) 

1670 cm-1   C=C stretching 
1410 cm-1   C=C stretching 
1050 cm-1   CF stretching 

NH2

Au
[374]  (A) 

‘’ in situ ‘’  

3440  cm-1  (w)  NH bond stretching 
1617 cm-1  deformation of N-H in NH2 
1515 cm-1  ring breathing 
1273 cm-1  aromatic C-N stretching 
908 cm-1    aromatic C-H out-of- plane   
 

 

XPS (X-ray photoelectron spectroscopy ) gives information about the surface concentration 

of the elements and about the thickness of the film. Some features of the use of this technique 

are shown on Table 3. 
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The grafted layers of azobenzene and 4-nitroazobenzene groups on GC give the expected N1s 

signal for a monolayer coverage. This surface coverage Γ is calculated by integration of the 

nitrogen peaks areas and by comparison with the C1s peak, Γ = 1.4x10-10 mol/cm2.[407] The 

angle-resolved XPS C1s spectra of a grafted layer of 4-carboxyphenyl groups evidence a 

carbide type bond corresponding to the bonding between Fe and an organic layer, pointing to 

the covalent nature of this interface bonding [299]. In the case of grafted films on copper or 

Cu2O, the observed XPS peaks indicate the presence of Cu-O-C and a Cu-C covalent bonding 

between the aryl ring and the substrate, and a high multilayer coverage containing different 

percentages of azo groups[308].  

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

 

AFM (Atomic Force Microscopy) – permits to visualize surfaces and to measure the film 

thicknesses on a nanometric scale. 

The thicknesses of the films can be measured by AFM on very flat surfaces such as PPF by 

scratching the layer with an AFM tip without carving the hard PPF surface and measuring, 

with another tip, the depth of the depression. A double AFM cantilever can also be used; then, 

the thickness between the scratched and pristine areas can be measured during the scratching.  

Grafted molecule structure Assignments (eV) 
NH2

Au
[374] 

• 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 C1s carbon of aromatic 

rings 

I

Au

NO2

M e t a l

a) b)

[298] 

• 622-633 eV   I3d iodine doublet  (a) 
• 406 eV  N1s in NO2 (b) 

 
NO2

Diamond  
[284] 

 
• 399.9 eV  N1s, nitrogen in N-H 
• 406.1 eV  N1s, nitrogen in N-O 
• 531.7 eV  O1s, oxygen in O-N 
• 286.9 eV  C1s, carbon in C-O, C=O 
• 286.0 eV  C1s, carbon in C-C  
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A precise potential cycling can be used to control the formation of a monolayer, that can be 

controled by AFM scratching and by analyzing the height of these scratched areas with 

respect to the non-scratched ones (Figure 18)[258]. 

 

 

Figure. 18. Tapping mode images for a biphenyl-modified PPF surface following a contact mode scratch. Single 
derivatization scans from +0.4 to 0, -0.2, -0.4, and -0.6 V vs Ag/Ag+ were used to modify the PPF surface, as 
indicated[258]. 

Using this approach during the grafting of 4-nitrobenzene or 4’-nitroazobenzene-4-

benzenediazonium, it was shown that the film increases with the modification time. It is also 

evidenced that the films formed on PPF during grafting in acetonitrile have a higher limiting 

thickness than those in aqueous media (collapsed films). This thickness increases with the 

deposition time to a limiting value but also depends on the structure of the diazonium salt: 

thicker films are obtained for 4-nitrobenzene than for 4’-nitroazobenzene-4-

benzenediazonium[409].  

 

Figure. 19. AFM images of: bare zinc, bare nickel, and Zn and Ni surfaces modified with 
diethylaminobenzenediazonium by immersion of the sample for 5 min and 15 h in 10 mM 4-nitrobenzenediazonium 
tetrafluoroborate solution in ACN [302]. 
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During the spontaneous grafting of metals by simply dipping them into a solution of 

diazonium salt + acetonitrile, AFM permits to show that grafting is more efficient when the 

metal is more reductive and also that the layer grows with the dipping time (Figure 19)[302]. 

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

to observe, measure or obtain chemical information on the grafted layer.  

The surface morphology of graphite flakes can be observed after grafting                         

4-nitrobenzenediazoniuma and further transforming the grafted nitrophenyl groups to 

aminophenyl groups and then to aryldiazonium groups (using tert-butylnitrite). Finally, the 

covalent attachment of silicon powder onto the modified graphene flakes (Figure 20) can also 

be observed by SEM, and the silicon particle coverage is calculated by EDX (2.6x1010 

particles/cm2)[245].  
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Figure. 20. SEM image of the modified graphite flake a) with 4-aminophenyl groups and b) subsequent 
transformation of –NH2 group into diazo group followed by the covalent attachment of Si particles[245]. 

When the oxide powder, Li1.1V3O8, is modified with the 4-nitrobenzenediazonium cation (by 

chronopotentiometry), the increase of the layer size is visible on TEM images. Its thickness 

changes with the modification time (Figure 21), th=1.5 nm (and formation of nodules) for 

t=10 min and  th=2 nm (homogeneous layer covering all the powder nanograins) for t=60 min 
[410]. 

 

Figure. 21. TEM image of the modified  oxide powder Li 1.1V3O8 with 4-nitrobenzene layer  b) t=10min  and c) 
t=60min [410]. 

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

cleavage steps and later the film nucleation occurs on the basal plane at sites, which are likely 



Chapter 1 │ Surface coatings, a Review 

 

- 32 - 
 

atomic scale defects (Figure 22). The film continues to grow both in 2- and 3-dimension 

through the radical binding on the entire surface[248].   

 

Figure. 22. Constant-current STM image (650 x 650 nm2) of a HOPG substrate collected in air following 2 deposition 
cycles in 0.5 mM 4-diazo-N, N-diethylaniline fluoroborate. Bias voltage ) 100 mV; tunneling current) 100 pA[248]. 

Observation of STM images of SiH grafted with bromophenyl under controlled charge 

conditions, shows the formation of an organized monolayer made of bromophenyl groups on 

the SiH surface. The modified layer derives from that of SiH by a (1√3)R30 transformation 

and the surface concentration is measured as Γ=6.7x10-10mol cm-2 [333]. 

 

Figure. 23. STM 5nm x 5nm image of:  a) SiH (111)  surface and b) the same surface modified by bromphenyl 
groups[333]. 

ToF-SIMS (Time of flight Secondary Ion Mass Spectroscopy). The mass peaks 

corresponding to fragments of the layer or fragments obtained both from the layer and the 

substrate permit to characterize both the layer and its bonding to the surface. In the case of a 

layer obtained on GC by grafting 4-perfluorohexylphenyldiazonium tetrafluoroborate, the 

layer contains polymeric mass fragments [CH2-CH2-C6H3C6F13-C6H4C6F13]
+ corresponding to 

the polymeric chain and to the carbon substrate. In the same way, the films of 4-bromophenyl 

groups contain [C6H3-C6H4Br]+ fragments, those of 4-carboxyphenyl groups contain 

fragments such as [OCCH2CH2C6H4COOH]-, [C20H13O5]
-. Such observations strongly 

evidence for the formation of multilayer films. The grafting efficiency is higher on 
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electrochemically modified plates than on spontaneously grafted ones; this can be assessed by 

analyzing and comparing the intensity of the mass fragments[411].  

EQCM (Electrochemical Quartz Crystal Micro Balance). This mass sensitive technique can 

analyze simply the mass variation during the grafting reaction. When grafting very 

passivating diazonium salts, the effect of the surface passivisation is observed directly during 

the first potential scan in which nearly all the mass variation is observed; during the further 

scan cycles, no mass variation is observed. This is not the case with the 4-

nitrobenzenediazonium salt: the largest mass effect is observed during the first scan but the 

mass increase is still observable during successive scans[313]. 

Thermogravimetric analysis (TGA). The thermal stability of functionalized carbon nanotubes 

(CNTs) is assessed by monitoring the mass loss during a temperature increase (from 100 – 

1000 °C under inert atmosphere) by comparison with the unmodified ones. The native CNTs 

present a mass loss when the temperature reaches >100°C (caused by the desorption of water 

molecules); this loss is less significant for the modified CNTs. When rising the temperature to 

175-700°C, the modified CNTs show a mass loss, which is very small compared to a non 

modified one; this mass loss is more pronounced at 165-225°C and continues up to 700°C 
[403]. From TGA data, the 24 % mass loss of microwave modified carbon nanohorns [using 

NH2-C6H5-O(CH2)6-NH-Boc + isoamylnitrite) ] corresponds to the presence of one grafted 

functional group for every 54 carbon atoms[277] .  

II.6.9. Applications of diazonium salts grafting reactions. 
Layers modified by reduction of diazonium salts are used for bonding polymers[412], 

biomacromolecules and nanoparticules[237][238]. In this way, diazonium salts can be considered 

as coupling agents. 

When iron is grafted with different diazonium salts, the grafting layer prevents the oxidation 

of iron -it inhibits corrosion-. Iron grafted with different diazonium salts was tested in 0.01 M 

H2SO4 at open circuit potential. The film shows anticorrosive effects with an inhibition 

efficiency of 73% (in the case of grafted carboxyphenyl groups) with a slight increase to 85 % 

when the grafted layer is further derivatized with octyltriethoxysilane. When the grafted metal 

is left in the corrosion medium in the presence of the dissolved diazonium the inhibition 

efficiency increases up to 97 % [347]. No corrosion could be observed when the iron surface 

grafted with phenylcarboxylate functions is further modified with a thick polymeric film 

through attachment of poly(1,2-propanediyl fumarate)[412]. Modifying the surface of iron with 
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a layer of -C6H4-CH3 permits to observe an inhibition efficiency against corrosion, which 

decreases from 78.1% to 53.6% after respectively 1.5 and 4.0 h of immersion in a solution of 

oxygenated 0.5 M NaCl [413].  

Grafing is also used to construct catalytic surfaces for oxidation (H2O2
[414], methanol[415]) or 

for reduction (nitrate[414] , dihydrogen[416], oxygen [417]). 

It is also applied in nanoelectronics[418] – to build  different devices such as molecular 

junctions[419], transistors[420], negative differential resistances[421], etc. In optoelectronic 

applications, grafting involves the attachment of conjugated molecules to the substrate to 

obtain increased photocurrents [422][423]. In batteries (Li-ion), grafting is used to stabilize and 

improve batteries performances[244][245][410]. In the fuel cell and hydrogen technology, grafting 

is performed on catalyst supports or catalysts to improve the final catalytic electrode 

performances[424-426]. 

Modifying nanomaterials with diazonium salts increases their solubility and their dispersion 

in different solvents (the solubility can be tuned by attaching a chosen specific diazonium) 
[273]. It also allows to separate metallic nanotubes from semiconductive ones [427].  

Different molecules or biomolecules can be covalently attached to surfaces opening vast 

possibilities for the construction of different sensors[428] (Table 4). The sensing layer can be 

the grafted aryl layer itself[429-434] or a platform constructed from diazonium salts and reacted 

with linkers and then sensing groups[435-439] .  
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Table. 4. Some sensors constructed by diazonium grafting. 

Grafted layer of diazonium and grafted material Used for Limits of detection, performance Ref. 

NO2

OH  
Carbon screen printed electrode. 

determination of ascorbic acid 
in fruit and vegetable juices 

 
Detection of ascorbic acid  from 2-20 µM, detection limit 0.86 µM, stable 
for 5 months with measurement taken every week (loss of only 16 % of its 
initial response during the whole period) 

[429] 

 
H3CO

OCH3

NH

O

 
 
Carbon-fiber microelectrode. 

measuring real-time 
physiological pH changes in 

biological microenvironments 

 
pH-dependent anodic peak potential response, sensitivity to acidic and 
basic changes detectable to 0.005 pH units. Used to measure dynamic in 
vivo pH changes occuring during neurotransmitter release in the central 
nervous system of the microanalytical model organism for Drosophila 
melanogaster. 

[430] 

NH2 
 
The grafted –NH2 layer on GC serves as a binder for 
amino-modified probe DNA. 

label-free electrochemical 
impedance spectroscopy 

method for sequence-specific 
detection of DNA 

 
the sensor response increases linearly with the logarithm of concentration 
of target DNA in the range 2×10−12 ÷2×10−6 M. The limit is equivalent to 
the detection of circa 4×107 copies of DNA in a 7 µL droplet or circa 
5.7×1012 DNA copies in one litre of sample. 

[431] 

 

NO2

 
Screenprinted carbon electrode is grafted with NBD, 
the -NO2 is transformed electrochemically into   
-NH2, followed by cross linking to the horseradish 
peroxidase (HRP) by using glutaraldehyde. 
 

determination of H2O2 

the HRP-modified electrode displays electrocatalytic activity towards the 
reduction of hydrogen peroxide (H2O2), without any mediator. H2O2 is 
determined in a linear range from 5.0 mM to 50.0 mM, with a detection 
limit of 1.0 mM. 

[435] 

NO2

 
Screenprinted gold electrode is grafted with NBD, 
the -NO2 is transformed electrochemically in -NH2, 
followed by immobilizing the tyrosinase enzyme by 
using glutaraldehyde. 

total phenolic content in tea 

 
 
catechol displays the highest sensitivity (36.3 mA M−1) and the lowest 
limit of detection (0.1 µmolL−1).  The biosensor is successfully applied to 
the detection of polyphenols in tea samples. 

[436] 
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SO3H

 
Carbon fiber microelectrode. 

determination of dopamine 

increased sensitivity to dopamine and other positively charged analytes 
that is due to increased adsorption of analyte in the grafted layer. When 
this electrode is used in mouse brain slices, based on the signal to-noise 
ratios, a detection limit of 30 nM dopamine is calculated. This is a 
detection limit lower, by a factor of 5, than that of a bare non modified 
electrode. 

[432] 

 

NO2

 
Screenprinted carbon electrode is grafted with NBD , 
the -NO2 is transformed electrochemically into -NH2, 
followed by covalent immobilization of enzymes,   
monoamine oxidase (MAO) /horseradish peroxidase 
(HRP) and diamine oxidase (DAO) /horseradish 
peroxidase (HRP)], by using hydroxysuccinimide 
and carbodiimide. 

determination of biogenic 
amines 

linear response range from 0.2 up to 1.6 µM and from 0.4 to 2.4 µM of 
histamine is obtained for DAO/HRP and MAO/HRP based biosensors, 
respectively. The biosensor construction is highly reproducible, yielding 
relative standard deviations for the sensivity of 10% and 11% for 
DAO/HRP and MAO/HRP based biosensors. 

[437] 

 

COOH

 
 
Carbon-based screen-printed electrode. 

determination of Cu(II) 

 
detection of the Cu(II)  as low as 5x10-9 to 1x10-8 M is achieved by 
immersing the grafted electrode in the solution of the analyte for 10 min  
followed by electrochemical measurement of the accumulated copper. In 
natural water measurements ther is no major interference of Pb(II) in the 
determination of Cu(II). 

[433] 

 

COOH

 
 
Carbon-based screen-printed electrode. 

determination of U(IV) 

 
detection of the U(IV) with a detection limit 7x10-10 and 2x10-9 M 
(depending on accumulation time) is achieved by immersing the grafted 
electrode in the solution of the  analyte followed by electrochemical 
measurement. No interference from Zn(II), Cd(II), Pb(II) and Cu(II) 
during the measurements.  

[434] 

 

NO2

 
GC is grafted with NBD, the -NO2 is transformed 
electrochemically into -NH2 followed by covalent 
immobilization of N-(2-aminoethyl)-4,4'-bipyridine 

 
determination of Ag(I) 

 
 
detection is done electrochemically by preconcentrating the Ag(I) ions on 
the modified electrode due to their chemical interaction with bipyridine at  
-0.6 V, followed by  oxidation of these ions at +0.34 V. The electrode 
reponse is linear in the range 0.05 µM to 1 µM Ag(I) with a detection limit 
of 0.025 µM and RSD = 3.6%.  

[438] 
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by using glutaraldehyde. 

 

SH

 
GC electrode is grafted with a mercaptophenyl film 
on which firstly gold nanoparticules and secondly, a 
DNA layer is self-assembled. 

detection of target DNA 

 
 
a platform for the recognition of complementary single-stranded DNA 
with a detection limit of 7.2x10−11 M, showing a good selectivity, stability 
and regeneration ability for DNA detection. 

[439] 
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II.7. Reduction  of alkyl halides 
The surfaces grafted by reduction of alkyl halides include hydrogenated Si[440], metals (Fe, 

Cu, Au)[441][442], TiN[441], GC[441-444], HOPG[443]. 

The reduction of alkyl bromides or iodides in dry deoxygenated ACN (typically 0.2 - 0.4 M 

alkyl halide + 0.2 M LiBF4 , ≈1.5min ) on SiH, leads to the grafting of alkyl groups as 

revealed by IR spectroscopy. During this process, the peak intensity of the SiH bond 

(2120cm-1) decreases with time, due to the grafting that replaces SiH bonds by Si-C bonds.  

Si

H

Si

R-X              [RX]           R   +   X--

+   RH

+ e- Si-
RX

Si

R

R Si

R

+   X-

 

                                         Figure. 24. Grafting mechanism of the reduction of alkyl halides on Si-H. 

The grafting mechanism proceeds by abstraction of the hydrogen atom from the surface Si-H 

bond by the alkyl radical (R●) and formation of the Si● radical that further couples with R● or 

is reduced to Si
-, which reacts by nucleophilic attack with RX [440]. 

Multilayered films (≈ 6.54 nm thick) are obtained in the case of the electrochemical reduction 

of IC6H13 and ICH2CH2C8F17 on Cu; their structure is assessed by Tof-SIMS and IRRAS 

spectroscopy - the grafted layer contains fragments of the alkyl chain and also Cu-organic 

fragments that confirm the grafting. During their grafting by cyclic voltammetry, a blocking 

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

Reduction of bromo- or iodo- acetonitriles leads to the cyanomethyl radical, that grafts to 

metal surfaces. The radical is reduced into the cyanomethyl anion at the potential where it is 

produced and it also attacks the first grafted cyanomethyl radical. This leads to a polymeric 

layer (Figure 25), which is thicker on copper than on gold; its thickness is on copper ≈ 6.8 nm, 

corresponding to ≈ 17 repeating units. A -CH2CH(NH2) structure is proposed for the film[442].  
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Figure. 25. Cyclic voltametry on a GC electrode (d =3 mm) in ACN+ 0.1 M NBu4BF4 of I(CH2)2C8F17 (c =10 mM), (a) 
first; (b) second and (c) third scans. Reference Ag/AgCl, v= 0.1 V s-1 [441]. 
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                         Figure. 26. Mechanism for the formation of an organic layer by electrografting of  ●CH2CN[442].  

On HOPG and GC, organic films are formed during the reduction of benzylbromide and                  

4-nitrobenzylbromide; the thickness of the layers increases with the deposition time and they 

can be observed by AFM and SEM [443].  

II.8. Reduction  of vinylics 
Cathodic electrografting of vinylic polymers requires strictly anhydrous conditions and an 

organic aprotic solvent. The experiments are performed in a glove box (in solvents like ACN 

or DMF) using a large concentration of a vinylic monomer (ranging from 0.1 to 0.5 M) and 

high negative potentials (usually more negative than -2.5 V vs.SCE)[237][445][446]. By using 

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

possible in an aqueous solution[447]. The electrografted substrates include different materials 
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(Ni, Fe, Au, Cu, Pt, stainless steel, C, carbon nanotubes, Si, CdSe, Si3N4 and Teflon® 

)[237][445][446]. 
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                        Figure. 27. Mechanism for the cathodic electrografting of the vinylics (i.e methacrylonitrile). 

The mechanism for the electrochemical reduction of vinylics proceeds by adsorption of the 

vinylic monomer (1); then, by an electron transfer from the electrode to an adsorbed vinylic 

(2) leads to a radical anion that binds to the surface, forming a bonded anion. This bonded 

anion is not stable because the negative charge is repelled by the negatively charged cathode, 

but it can be stabilized by attacking a new monomer (3) to form a bonded dimer anion (4) 

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

to an anionic mechanism. A second route is possible, in which the transient bonded anion (2) 

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

further growth of the layer being a chemical reaction[237][446]. 

In the grafted layers of N-succinimidyl acrylate, the grafting density is 1 chain per 100 nm2, 

the chains are separated by 10 nm with a 80 to 130 nm chain length (corresponding to a 

polymerization degree of 620 to 1016 monomer units, depending on the monomer 

concentration, 0.1 M or 1 M)[448] . 

The anhydrous conditions and the use of the glove box to perform electrografting are 

overcome by the SEEP process (Surface Electroinitiated Emulsion Polymerization), which 

provides covalently grafted polymer films on conducting or semiconducting surfaces by 

radical polymerization in aqueous dispersed media. It relies on a cathodic electroinitiation, in 

which diazonium salts are used both to initiate the polymerization of the vinylic monomers in 

solution and to form a primer of grafted polyphenylene-like layer on the surface[449][450]. In the 

GraftFast© process, instead of electrochemistry, the radicals are formed by a reducing reagent 

in solution (iron, ascorbic acid, hypophosphorous acid). It is thus possible to graft insulating 

surfaces (oxides, polymers) as well as conductive or semiconductive ones[451] . 

Direct localized (in the micrometric range) grafting of vinylics in aqueous solution (0.25 M 

H2SO4, NBD c = 2·10-3 M and acrylic acid (AA) in concentration range from 0.5 to 7 M) is 

achieved by SECM in the direct mode, where the substrate is used as the cathode and an 

ultamicroelectrode as the anodic counter electrode. The control of the width and the thickness 

of the grafted spot can be adjusted by the time spent over the spot. For the same tip-sample 

distance, the radius of the formed spot depends on the tip diameter, increasing the tip diameter 

from 12.5 to 25 and 50 µm gives pattern with increased diameters increasing from 60 to 100 

and 150 ± 10 µm. Coupling SECM with lithographic software enables drawing elegant 

grafted patterns on the substrate (Figure 28) [452]. 

A grafted layer of 4-vinylpyridine is able to complex rapidly copper ions from polluted 

wastewaters[453]. A nanocomposite material is formed by deposition of nanotubes modified 

with perfluoro chains on a gold surface electrografted by a layer of poly(acrylonitrile). It is 

used as an electrical contact lubricant under high vacuum conditions[454].  

Local functionalization of surfaces (10 µm wide lines) with polymers using SEEP or 

GraftFast© processes is performed by lifting off a patterned mask (ink or SAM) previously 

drawn or stamped on the surface. The first simple method consist in handwriting a pattern 
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using water insoluble ink,  grafting and then lifting-off by dissolving the ink (acetone or 

ethanol). The second method consists in stamping the substrate with a PDMS stamp 

immerged into alcoholic thiol solution, grafting the free surface, lifting-off the thiol layer 

using sonication in DMF or electrochemical reduction of the Au-S bond in an organic 

electrolyte[455].  
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Figure. 28. Left: Schematic view of the different electrochemical and chemical 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 Elecdraw software. (Conditions: [Acrylic Acid] = 2.0 mol L-1, [DNB] = 
2·10-3 mol L-1, [H2SO4] = 0.25 mol L-1)[452]. 

Antibacterial films are obtained, for example, on stainless steel, by reduction of special 

monomers or inimers (polymer that further permits the initiation of an ATRP-Atom Transfer 

Radical Polymerization-). The antibacterial activity is obtained either by i) imbedding silver 

atoms in the film of poly(ethylacrylate) during its formation[456] or ii) by creating 

hyperbranched films with a large number of pyridinium groups (by attachment of a vinylic 

monomer with a chlorine atom followed by ATRP with a bromovinylic monomer and finally 

formation of pyridiniums by substitution of the bromines by pyridine)[457], or iii) by multilayer 

assembly of negatively (hyaluronic acid) and positively (chitosan) charged polyelectrolyte 

assembled on a negatively charged polyacrylate modified surface[458]. 

Grafted brushes on semi(conductive) surfaces are obtained by a two-step process, that consist 

in electrografting poly(N-succinimidyl acrylate) chains and further transforming these brushes 

by reaction with isopropylamine. In this way, a thermoreponsive layer of poly(N-
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isopropylacrylamide) is obtained, as assessed by AFM; this coating in water at 20°C has a 

thickness of 80 ± 10 nm (swollen state) with a water drop contact angle of 33° (hydrophilic 

surface, T = 25°C). After raising the temperature to 42°C, the thickness decreases to 9±3 nm 

(collapsed state) and the water contact angle increases to 90° (hydrophobic surface, 

T=40°C)[459].  

 

III. UV photochemical modification of surfaces 
Using light for surface modifications offers many advantages. First, it produces directly the 

desired surface transformation without any contact to the surface, it applies to conductive as 

well as insulating surfaces, it requires a photon as a reagent (a clean reagent with little or no 

enviromental impact) and offers the possibility of surface patterning by illuminating through a 

mask[460]. Some photoreactions are: 

• Elimination (the catalytic species, such as an acid or a base, can be produced on a 

photoactive molecule through an elimination reaction such as photodeprotection or 

photocleavage) 

• Addition (i.e. photografting via, for example, the excited carbonyl group of 

benzophenone that abstracts an hydrogen atom from a neighboring compound, that 

forms a radical; then, benzophenone covalently binds to this radical through radical-

radical combination) 

• Rearrangment (i.e cis-trans isomerization in which the excitation of the double bond in 

an initially trans-azo compound leads to the formation of a less stable cis-azo 

conformer). 

III.1. Modification using unsaturated compounds 
This functionalization of surfaces by photochemical attachment of alkenes provides a 

pathway to stable interfaces; it has found great utility for attaching and sensing 

applications[461]. This photochemical grafting process of alkenes can be applied to different 

substrates, such as Si-H, diamond-H[462][463][464], carbon-H[465], GaN-H[466], thus broadening 

the possibilities for sensing and interface constructions. 

The mechanism for the photochemical formation of monolayers is not clearly underestood. 

First, it was proposed (mechanism 1, Figure 29 A) that the reaction proceeds by UV 
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excitation and cleavage of the Si-H bond, producing a surface radical (a dangling bond) that 

reacts with a terminal olefin to form a Si-C bond. A neighboring surface hydrogen atom is 

then abstracted by the resulting secondary carbon radical to regenerate a new silicon radical 

and this process is repeated many times, yielding many adsorbates per initiation event[467][468]. 
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Figure. 29. Mechanism of photochemical grafting in Si-H: A) by excitaction and surface radical formation;B) by 
photoemission and nucleophilic attack of the alkene. 

However, in a recently proposed mechanism, such as that proposed for the UV grafting of 

diamond, the UV light initiates photoemission from Si into the acceptor groups of a reactant 

(alkene) or another electron acceptor, leaving a valence-band hole that facilitates the 

nucleophilic attack by the alkene group (mechanism B, Fig.29. B). In the case of Si, at short 

wavelengths, where photons can excite the electron acceptor levels of the reactant molecule, 

photoemission is more efficient than excitation (mechanism A, Fig.29. A), but at longer 

wavelengths it is likely that only the excitation mechanism takes place (mechanism B)[469]. 

Grafting of Si-H with the same quality as thermal grafting, can be achieved under mild 

conditions by irradiation of the surface with visible light (447 to 658 nm) at room temperature 

in the presence of different 1-alkenes or 1-alkynes[470]. Using these mild photografting 

condition bio-active (i.e disaccharides) molecules can form directly monolayers[471]. 

Monolayer modification of the SiH surface with formation of the Si-O-C- interfacial bond is 

performed by UV irradiation of aliphatic alcohols and aldehydes with the last ones forming a 

chemically more resistant monolayer[472]. 

Hydrogen terminated Si nanowires grown on SiO2 were selectively modified through UV 

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

entails biomolecular recognition properties to the nanowires[473]. 

Photochemically grafted monolayer of 11-(2,4-dinitro-5-fluorobenzene)undecenamide is used 

to bind nucleophiles such as proteins or poly(ethyleneimine), using either micro-contact 

printing or a mask; micrometric patterns (≈ 5µm) can be photografted[474]. Hydrogen 

terminated diamond can be photopaterned throught a mask by UV photochemical grafting 

with alkenes (trifluoroacetamide-protected 1-aminodec-1-ene and 1-dodecene) down to 1 µm; 

the resolution is limited by diffraction effects associated with the use of a simple contact mask 

immersed directly in the reactant alkenes[464]. Hydrogenated gallium nitride is photo patterned 

( <12 µm width) with alkenes containing a protected amino group, which after deprotection is 

linked to single DNA-stranded nucleotides[466] .  

Hydroxyl-terminated fused silica is modified by 1-alkenes under UV irradiation rendering it 

highly hydrophobic (water contact angle 109° for 8 h modification time, the non modified 

surface showing a ≈10° contact angle). It is possibile to create patterned hydrophobic sample  

(7.5 x 7.5 µm2 squares with a 5 µm spacing); the modified surfaces are thermally stable up to 

at least 400°C[475]. 

Photochemical hydrosilylation is used to graft silicon quantum dots, thus modifying their 

physical properties and improving their oxidative and optical stability [476]. Magnetic 

monodisperse manganese ferrite nanoparticules modified with ω-alkenyl moieties are 

covalently anchored to the Si-H surface by UV irradiation [477] .  

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

deprotection of the corresponding grafted alkenes) shows improvement of the ratio of 

specifically to non specifically bonded avidin. This confers to these layers an optimized 

ability to detect specifically bound avidin, while simultaneously reducing the nonspecific 

adsorption since the layer resists largely to nonspecific adsorption of proteins[463]. 

III.2. Modification using arylazides 
The UV grafting of arylazides (Ar-N3) is based on the formation of extremely reactive nitrene 

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

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

The photografted molecules include: heterocyclic azides[478], 4-substituted perfluorophenyl 

azides[479][480], 4-substituted arylazides[481], bis(aryl azides)[482], methyl azidocarboxylate[483], 
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azido derivatized polymers [poly(N,N-dimethylacrylamide-co-3-azidostyrene)[484], bis-4-

azidobenzamide-polyethylene glycol[484], poly(styrene-co-3-azido-styrene)[484], poly(acrylic 

acid)[485], poly(ethylene glycol)[486], poly(cyclooctene) / poly(ethylene oxide) copolymer[487], 

poly(ethylene glycol)/poly(2,2,3,4,4,4-hexafluorobutyl acrylate)[488]], azide functionalized 

organic compounds (glucose[489], sucrose[489], dextrin[489], chitosan[490][491], photobiotin[492], 

lactamine[493]). 

In general, this process is used to modify polymer surfaces such as polyethylene[478][483], 

polystyrene[479], polyimide[478], poly(3-octylthiophene)[479], polyacrylonitrile[481][494], 

polypropylene[495][489], glass[478][492], polyester[478], poly[1-(trimethyl-silyl)-1-propyne][482], 

nylon[490], tin oxide[478], aluminum[478], poly(vinyl alcohol)[484], poly(ether urethane)[496], 

poly(ether ether ketone)[480], poly(butylene terephthalate)[497], poly(ethylene 

terephthalate)[493][498], cotton fibres[488][499], expanded polytetrafluoroethylene[491], 

poly(vinylidene fluoride)[487], poly(methyl methacrylate)[500], quartz[501]. They can also bind to 

other molecules or materials[502]. 

N3

X

UV

N

X

  +  N2

N

X

NH N ON OH

 

                             Figure. 30. Modification of polymers surface through photochemical process using azides. 

The attachment of heterocyclic azides has been analyzed by XPS, IR, contact angle and 

ellipsometry. The modified quartz surface shows increased counting for C1s peak and a new 

N1s peak that is not present on an unmodified surface, presenting a clear evidence for the 

binding of the nitrene derived moiety to the surface. The IR spectra show a broad band at 

1600 cm-1, which is attributed to multilayered films containing also six or seven membered 

rings. The thickness of the film increases with the irradiation time; for 1, 15, 60 s and 30 min, 

the thickness is 0.8, 27 to 75 nm and 1 µm respectively.  
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Modification of hydrophobic surfaces such as polyethylene can be used to make them more 

hydrophilic (water contact angle of 60° upon irradiation in the presence of 4-azidopyridine - 

95° for the non modified surface)[478].  

The surface of GC is modified by the photolysis of different arylazides (deposited by spin 

coating on the surface). Diazonium salts are electrografted on carbon, and on top of such film, 

a second layer is attached by photopatterning arylazides[503]. 

The photografting process is used for different purposes. The modified film is used for the 

immobilization of horseradish peroxidase and for the creation of micrometer sized patterns 

(0.5 µm size) that are further reacted with fluorescein for visualization[479]. 

 Using bolaammphiphiles3 with two p-amidobenzoyl azide head groups, it is possible to 

deposit a monolayer of these molecules on polyacrylonitrile, to react the upper azide group 

with amines in the gas phase, converting the amine group to an amide, decomposing the other 

azide group (which is on the polyacrylonitrile surface), thus binding the molecule to the 

surface[494].  

Surface modification of poly(etherurethanes) with arylazide containing phosphorylcholine 

end-groups, improves the polymers hemocompatibility[496].  

It is possible to transform the hydrophobic polypropylene surface into an hydrophilic surface 

through the covalent bonding of sucrose residues via azide photolysis ("photochemical 

immobilization")[495].  

Cross-linking of poly[1-(trimethyl-silyl)-1-propyne] membranes with bis(arylazide) renders 

them insoluble in solvents that typically dissolve the membranes and increases their 

separation factors for O2 and N2
[482]

  It is possible to improve light stability and wettability of 

polyolefin polymers[489] as well as the nylon hemocompatibility[496]. The platelets adhesion 

are reduced onto these expanded polytetrafluoroethylene vascular grafts[491]. Acid treated 

glass can be modified with fluorescent-labeled arylazide and can be used to characterize site-

selective photocatalyzed immobilization reactions on the surface[492]. 

Photo-crosslinking and photo-patterning of polyelectrolyte films is possible[501][504]. Many 

other reactions are reported: performing versatile photocrosslinking methodology based on 

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

                                                
3 Bolaamphiphiles are amphiphilic molecules that have hydrophilic groups at both ends 
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interpenetrating donor–acceptor heterostructures for photovoltaic applications, providing the 

appropriate morphology for high-efficiency polymer-based photovoltaics, creating 

photopatternable polymer-based field-effect transistors and light-emitting diodes[501]. 

Crosslinking of poly(ethylene glycol) containing terminal azide groups to ionic liquid 

molecules by UV irradiation, greatly enhances the mechanical properties of the electrolyte 

and its conductivity for possible use in solar cells[486].Microfluidic surfaces can be modified to 

enable site-specific attachment of biological molecules[500]. 

Stable superhydrophobic cotton fabric can be produced, that displays high resistance to acids, 

bases and organic solvents[488].  Multi walled carbon nanotubes modified with fluoropolymers 

can be attached to cotton fabrics forming a self-cleaning superhydrophobic composite 

surface[499]. 
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Chapter  2 : Indirect Grafting of Acetonitrile-Derived Films on Metallic 

Substrates 

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

(2,6-DMBD) cannot be grafted on surfaces due to the steric hindrance of the two methyl 

groups ortho to the carbon radical[1]. 

CH3 CH3 CH3 CH3

surface
 

Among the reactions of radicals, dimerization and H-atom abstraction are often observed. 

Under the conditions (diazonium salt concentration � 100 mM) where the latter radical is 

formed, dimerization – a second order reaction- is certainly not favored. But hydrogen atom 

abstraction from the solvent: 

CH3 CH3

+ CH3CN                  CH2CN +

CH3 CH3
H  

is certainly an important reaction due to the high concentration of the solvent (~ 17 M). This 

hydrogen atom abstraction produces a new alkyl radical. The following paper tries to answer 

the question: is the cyanomethyl radical produced under H-atom abstraction able to react with 

surfaces? 

The prospects for such a grafting reaction to occur are good as it had been shown previously 

that this same radical obtained upon cathodic reduction of ICH2CN[2] could attach to surfaces. 
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M a i n   r e s u l t s 

� The reaction is indeed possible on various metals and on silicon. 

� The formation of this layer is also possible without an electrochemical induction in the 

case of copper. 

� The layers are fully characterized: functionality of the layer (IRRAS), surface 

hydrophobicity/hydrophilicity (contact angle), thickness (ellipsometry, profilometry or 

SEM), layer image (SEM), chemical composition (Tof-SIMS). 

� A grafting mechanism is proposed accounting for the formation of the layer. 

 

 

___________________________ 
[1] C. Combellas, D. Jiang, F. Kanoufi, J. Pinson, F. I. Podvorica, Langmuir 2009, 25, 286. 
[2] C.Combellas, F.Kanoufi,Z.Osman, J.Pinson, A. Adenier, G. Hallais, 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 ( 3CH2CN) 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.Amechanism is elaborated that accounts for
the formation, grafting of the cyanomethyl radical, and finally formation of amino multilayers.

Introduction

The reduction of aryl diazonium1-7 and diaryliodo-

nium8 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

electrochemistry, or spontaneously1b (through a dissocia-

tive electron transfer and N2 evolution
9), or in the pre-

sence of an added reducing agent.10 Once produced in

aprotic or aqueous media, part of those aryl radicals

reacts with carbon,2bmetal,2h semiconductor,2d and poly-

mer10b surfaces according to Scheme 1.

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

(ksurf), (ii) dimerization in solution (kdim), (iii) 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 (kAr, 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 3CH2CN (kH).
12

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.13 Pre-

viously, we showed that the steric hindrance is one of the

parameters that controls the polyphenylene film growth:

the two bulky tert-butyl groups of 3,5- di tert-butyl benze-

nediazoniumprevent the growth of the film (kAr≈ 0) and a

monolayer can be obtained;14a the two methyl groups of

2,6-dimethyl benzenediazonium (2,6-DMBD) prevent the

attachment of the radical to the surface (kSurf ≈ 0).14b

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

mediumby the isotopic reactionwithACN itself (Scheme3

[R3]). This paper dealswith the reactionof this radical with

the surface and the subsequent formation of an organic

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

fromAldrich as well as tetrabutylammonium tetrafluoroborate,

which was kept in an oven at 95 �C.Milli-Qwater (>18MΩ cm)

was used for rinsing the samples. 2,6-DMBD was prepared by

the standard procedure.14b

Samples. One (or 2) � 1 cm2 gold-coated silicon wafer plates

(Aldrich, 1000 Å coating) were cleaned in a “piranha” solution

(1/3 v/v H2O2/H2SO4 for 10 min), and rinsed one time with

Milli-Q water under sonication (10 min).

Massive 1 (or 2) � 1 cm2 copper plates were polished with

different grades of polishing paper and finally with a 0.04 μm

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 withMilli Q water, and finally sonicated

for 10 min in acetone.

P-doped silicon samples (Siltronic, resistivity 0.016 Ω 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 þ 0.1 M NBu4BF4 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 E = -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 ACNþ 0.1 M NBu4BF4 solutions in

the presence of 10 or 100 mM of 2,6-DMBD for 30 min.

Scheme 2

(11) Gomberg,M.; Bachmann,W. E. J. Am. Chem. Soc. 1924, 45, 2339.
(12) M’Halla, F.; Pinson, J.; Sav�eant, J.-M. J. Am. Chem. Soc. 1980,

102, 4120.
(13) Doppelt, P.; Hallais, G.; Pinson, J.; Podvorica, F.; Verneyre, S.

Chem. Mater. 2007, 19, 4570.
(14) (a) Combellas, C.; Kanoufi, F.; Pinson, J.; Podvorica, F. I. J. Am.

Chem. Soc. 2008, 130, 8576. (b) Combellas, C.; Jiang, D.; Kanoufi, F.;
Pinson, J.; Podvorica, F. I. Langmuir 2009, 25, 286.
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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-1.

TOF-SIMS spectra were obtained with an ION-TOF IV with

Auþ primary ions at 25 keV. The analyzed zone was 150 μm2,

and the acquisition time 75 s. Blank samples were analyzed in the

same runas themodified samples. Thepeak intensity refers to the

area of the peaknormalized 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 valueswere taken for gold, ns=0.182, ks=3.489; copper, ns=

0.265, ks = 3.108, and the polymeric layer ns = 1.210, ks = 0.

These values were measured on clean surfaces before electrograft-

ing, and the thickness was determined from the same plate after

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 R Step IQ profilometer from KLA Tencor. The

length of a chain with multiple CH2CH(NH2) groups was calcu-

latedwithACDChemSketch12afteroptimization (11.23 Å 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.

Scheme 3
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Trifluoroacetylation. A modified gold plate was immersed

into 5 mL of THF þ 0.5 mL of (CF3CO)2O and a few drops of

triethylamine and left at room temperature overnight.15 The

plate was then rinsed with acetone and distilled water under

sonication.

Results

Electrochemical Measurements. The chronoampero-

metry of a copper plate (s = 1 cm2) in an ACN þ 0.1 M

NBu4BF4 þ 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 > 5 s,

the current is ∼0. On the contrary, here, for t > 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.2mAt the end

of the electrolysis, a gray film is observed on the surface.

Similar results were observedwith 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 cm2

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-CtN stretch-

ing band16 (2254 cm-1 for ACN itself) and the presence of

bands corresponding to grafted amine groups at 1595 cm-1

(NH deformation) and at 3243 cm-1 (-NH stretching). A

band at 1397 cm-1 (CH2 scissoring) is also observed.17

The IR spectrum of a 2 cm2 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-1 are still observed, although smaller, and a

new strong CdO band is present at 1693 cm-1. 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% H2O. The main IR bands of the plate modified

under these conditions are shown in the insert of

Figure 2c 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-1 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 (-NH2þ(CF3CdO)2OT-NHC(O)CF3).

The IR spectrum of Figure 3b shows that the NH

deformation at 1617 cm-1 has disappeared and the band

at 3243 cm-1has decreased; it now corresponds to theNH

stretching of amide functions. The presence of CF3(CO)

groups in the film is evidenced by the CdO band at

1785 cm-1 and the CF3 stretching bands at 1210 and

1170 cm-1 (∼3350, 3200, 1705, 1200, 1155 cm-1 for

trifluoroacetamide, CF3C(dO)NH2).

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-1 and also of a strong CdO band at

1693 cm-1 as in the case of the electrochemical grafting at

E=-0.45 V/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 spontaneously grafted in ACN þ

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 -CH2-CH(NH2)- groups (see below). Be-

cause the size of this group is 1.1 Å 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 c, 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 6c,d and S5).

Contact Angle Measurements. The water contact angle

measurements before and after treatment are gathered in

Figure 1. Chronoamperometry of a copper plate in a 10mM2,6-DMBD
solution in ACNþ0.1MNBu4BF4. Electrode biased atE=-0.9 V/Ag/
AgCl for 480 s.

(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-1. This
position is very close to that of residual CO2, but careful examina-
tion of the spectra beforeCO2 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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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 reduced14b

at Ep = -0.25 V/Ag/AgCl (gold electrode, 10 mM

solution in ACN þ 0.1 M NBu4BF4, scan rate v =

100 mV s-1; 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.14b

Besides, when diazonium salts are grafted to a metal,

the structure of the film does not change with the grafting

potential;1 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.

Figure 2. IRRAS spectra of a copper plate after electrolysis in anACN solution of 10mM2,6-DMBD. Plate biased atE=(a)-0.90 and (b)-0.45V/Ag/
AgCl for 480 s under dry conditions; inset (c) in the presence of 1%H2O. IR assignments in cm-1: 3243,NHstretching; 1595,NHdeformation; 1693, CdO
stretching.

Figure 3. IRRAS spectra of a gold plate after electrolysis in a 10mM2,6-DMBDACN solution. Plate biased atE=-0.9 V/Ag/AgCl for 480 s (a) before
and (b) after reaction overnight with trifluoroacetic anhydride (CF3CdO)2O in a THF solution. IR assignments in cm-1: 3243, NH stretching; 1597, NH
deformation; 1170 and 1210, CF3 stretching.
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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 (17M) and by the fast rate of

hydrogen atom abstraction (the pseudo first order rate

constant of the reaction of the cyanophenyl radical

measured in ACN12 is kH = 4 � 107 s-1). Once formed,

the cyanomethyl radical is stabilized by the isotopic

reaction [R3]18 and reacts with the surface in reaction

[R4]. However, the IR spectra do not show any signi-

ficant -CtN bands but present strong amino bands. To

rationalize this fact, we propose that the surface-CH2CN

be attacked by the cyanomethyl anion as in reaction [R8].

When the reaction is performed electrochemically, this

anion can be obtained in two ways: by reduction of the

radical or by deprotonation of ACN. The redox potential

E�( 3CH2CN/-CH2CN)=-0.69 V/SCE that is-0.66 V/

Ag/AgCl has been measured by Gennaro;19 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]20 and this aryl

anion should also be able to deprotonate ACN [R7].21

In the case of spontaneous reactions, the problem is

more complicated, the only reducing agent in the experi-

ment is copper. The open circuit potential measured for

a copper plate in a 100 mMACN 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,22 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,

Figure 4. IRRAS spectra of a copper plate dipped for 30min in (a) 10 and (b) 100mM2,6-DMBD in anACN solution. IR assignments in cm-1: 3250,NH
stretching; 1595, NH deformation; 1693, CdO stretching.

Table 1. Tof-SIMS Spectrum of a Copper Plate Modified in ACN þ

2,6-DMBD (positive fragments)

m/z assignment
intensity on
bare Cu

intensity on
modified Cu

62.93 63Cu 5034 766
64.93 65Cu 2229 336
77.04 C6H5 289 1423
78.04 C6H6 63 390
91.05 C6H4-CH3 223 751
105.07 CH3-C6H4-CH3 120 1514
115.05 (CH3)2C6H4-CH 70 620
146.10 CH2-C6H4-CH-CH-NH2 14 950
267.17 [C6H4(CH3)-CH-CH(NH2)]2 12 254

(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 .

(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,20b Ep = -0.64 V/SCE, and Vase,20c

Ep = -0.95 V/SCE. The reduction potential of the 2,6-dimethyl
phenyl radical should be slightlymore negative because of the effect
of the methyl groups. (b) Andrieux, C. P.; Pinson, J. J. Am. Chem.
Soc. 2003, 125, 14801. (c) Vase, K. Ph.D. Thesis, University of Aarhus,
Aarhus, Denmark, 2007.

(21) (a) The pKa of acetonitrile is 31.321b and that of phenyllitium is
about 43;21c 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. (c) Smith,M. B.;March, J.March’s AdvancedOrganicChemistry,
5th ed.; Wiley Interscience: New York, 2001; p 331.

(22) Smith, M. B.; March, J. March’s Advanced Organic Chemistry,
5th ed.; Wiley Interscience: New York, 2001; p 1238.
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regenerating the cyanomethyl anion [R9]. Imines are

known to be reducible,23 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,24 the unreducedpart is transformed toketones

[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 -CH2CH(NH2)- 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 CH3

stretching at 2967 and 2921 cm-1 and ring vibrations at

1622 and 1480 cm-1; on the spectrum of Figure 2, the

2967, 2921, and 1480 cm-1 bands are clearly absent. The

bands at 848 and 770 cm-1 can be attributed to aromatic

groups, but the 848 cm-1 signal could also correspond

to an aliphatic amine (strong 856 cm-1 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.25 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 -CH2CN groups. The pre-

sence of the -CtN group is observed through its vibra-

tion at 2271 cm-1 that increases with time. But the IR

spectrum25 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.26 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

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

Aua Cub Sic

56 ( 1 nm 49 ( 3 nm 9 ( 4 nm

aMeasured by SEM. bMeasured by ellipsometry. cMeasured by
profilometry. [2,6-DMBD] = (a,b) 100 mM, (c) 10 mM.

(23) (a)Lund,H.Reduction ofAzomethines inOrganicElectrochemistry,
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.

(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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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.27 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 3 ) able

to react with a surface.Work is in progress to explore new

grafting reactions along these lines.
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Figure 6. SEMof (a, b) gold and (c, d) copper plates immersed into a 100mM2,6-DMBDþ 0.1MNBu4BF4ACNsolution for (a, b) 900 s atE=-0.9 V/
Ag/AgCl, (c, d) 1800 s without electrochemical assistance. Scale bars: (a) 100 nm, (b) 10 μm (c) 200 nm, (d) 1 μm. Secondary electron analysis.

Table 3. Water Contact Angles

Au (deg) Cu (deg)

bare surface 44( 2 35( 2
modified surface 53( 4 52( 4

Scheme 4. Grafting of the Cyanomethyl Radical on Hydroge-
nated Diamond Surfaces25

(27) Kim, J.; Cho, J.; Seidler, P.; Kurland, N.; Yadavalli, V. Langmuir
2010, 26, 2599.
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Chronoamperometry 

 

 

 

 

 

 

 

 

 

 

 

 

 

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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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/AgCl for 900 s. 
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SEM images 

Gold surfaces  

 

 
Figure S3. SEM image of a gold plate grafted for 900 s in an ACN + 100 mM 2,6-DMBD + 

0.1 M NB4BF4 solution at E = - 0.9 V/Ag/AgCl. Scale bar 1µM. Secondary electrons analysis. 

 

At the 1µm scale, the surface is homogeneous. 

 

 
Figure S4. SEM of a gold plate grafted for 900 s at ACN + 100 mM 2,6-DMBD + 0.1 M 

NB4BF4 solution at E = - 0.9 V/Ag/AgCl. Scale bar 1µm. Backscattered electrons analysis. 

 

 

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



Copper surfaces 

  

 
 

Figure S5. SEM image of a copper plate immersed in a 100 mM 2,6-DMBD + 0.1 M 

NBu4BF4 ACN solution  during 1800 s. Scale bar 1 µm. 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 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. Cyclic voltammetry of gold a electrode (1 mm diameter) in a 10 mM 2,6-DMBD 

+ 0.1 M NBu4BF4 ACN solution. a) 1
st
; b) 2

nd
 and c) 3

rd
 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 by H-atom abstraction leads to a radical derived 

from the solvent and that this radical is able to attach to surfaces. Is it possible to generalize 

this reaction by changing the solvent? The answer is certainly yes, provided some conditions 

are fulfilled. 

 - the solvent should be able to dissolve concentrations of c ~ 10 mM of the diazonium salt 

and a supporting electrolyte. 

 - the bond pertaining to the solvent that should be cleaved has to be weaker than the C-H 

bond of 2,6-DMBD (~ 480 kJ.mol-1). As the latter is very strong, this should be possible with 

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

Aromatic solvents should not work very well (but this is a small drawback as aryl diazonium 

themselves are able to modify surfaces with aryl groups. Hydrogen abstraction from more 

complex molecules should also be possible. It should also be possible to abstract halogen 

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

Another interesting point of the method described above is that it permits to produce radicals 

at moderate potentials (the reduction potential of the 2,6-DMBD, Ep = -0.25V/(Ag/AgCl). 

This constitutes a catalytic reduction of the solvent. For example, IC6H13 is reduced at                         

-2.8V/(Ag/AgCl) in acetonitrile but the formation of the radical should be possible at                     

-0.25V/(Ag/AgCl); this means that a catalytic effect of more than 2V is expected. These 

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

Organic Layers Derived from Acetonitrile  

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

constitutes a large field of investigation. However, it is interesting to search for new methods 

as these methods of grafting cannot be interchanged, and many of them have a field of 

applications that is limited in one way or another. For example, oxidative electrografting is 

not possible on oxidizable materials such as industrial metals. In addition, the tendency is to 

achieve fast, simple and efficient grafting. Photochemistry may be simpler than 

electrochemistry as there is no need to contact the substrate, to insert a reference and a counter 

electrode in the solution. Photochemistry only necessitates a UV or visible lamp. However, in 

order to obtain a reactive intermediate in the solution (a radical for example), the solution 

must absorb light. Therefore, the number of reactive species produced will depend on the 

thickness and absorbance of the solution layer. It must be somewhat controlled to allow for 

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

Besides, micro or nanopatterning is a mandatory step for the development of sensors and 

biosensors, photochemistry is well suited for this purpose through the use of a mask, (this is 

the technique widely used by the microelectronic industry). In the following paper, we present 

the relatively large patterning of a copper surface, but the resolution of the pattern can 

certainly be further improved. 

We have seen in the introduction that many grafting reactions rely on the formation of 

radicals or carbenes and also that nearly all electrografting reactions are due to radicals. 

Radicals can be produced by photochemistry as reported in the introduction. Other examples 

of radicals formed by photochemistry are, for example[1]: alkyl, benzyl, phenyl, ketyl radicals. 

In this chapter, we present a relatively unexpected radical, the cyanomethyl radical: 
.
CH2CN 

deriving from acetonitrile. Acetonitrile is widely used as a solvent for recording UV spectra 

down to low wavelength. However, it absorbs below 200 nm but its photochemical reactions 

have not been much investigated. We have performed these irradiations with a simple 

equipment: a small mercury lamp.  
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M a i n   r e s u l t s 

� A new methodology for the grafting of surfaces which is based on the formation of the 

cyanomethyl radical through the UV irradiation of acetonitrile. 

� The photografting to different metals: Cu, Au, Ni, Fe. 

� The possibility of patterning surfaces. 

� The characterisation of the layer: functionality of the layer (IRRAS), surface 

hydrophobicity/hydrophilicity (contact angle), thickness (ellipsometry, profilometry or 

SEM), layer compactness (SEM) and elemental composition (EDX), chemical 

composition (Tof-SIMS), topography (AFM), solution composition (electrospray 

ionization mass spectroscopy). 

� The proposition of a grafting mechanism and the formation of the layer by combining 

all the data obtained through the use of these techniques. 

 

(Article in Press, Chemistry of Materials; dx.doi.org/10.1021/cm200579b)  

 

_____________________ 

[1] Nichola J. Turro, V. Ramamurthy, J.C. Sciano, Modern Molecular Photochemistry of 

Organic Molecules, University Science Books, Sausalito, USA, 2010 
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3.2. Paper 

Photochemical Grafting and Patterning of Metallic Surfaces by Organic 

Layers Derived from Acetonitrile  

Avni Berisha,$, § Catherine Combellas$, Géraldine Hallais‡, Frédéric Kanoufi$,  

Jean Pinson*$ and Fetah I. Podvorica$ 

$ Physico-Chimie des Electrolytes, des Colloïdes et Sciences Analytiques, ESPCI, CNRS UMR 7195, 

10 rue Vauquelin, 75231 Paris Cedex 05, France. § Chemistry Department of Natural Sciences 

Faculty, University of Prishtina, rr. “Nëna Tereze” nr. 5, 10000 Prishtina, Kosovo.‡ Ecole Normale 

Supérieure, CNRS-ENS-UPMC 8640, 24 rue Lhomond, 75005 Paris, France 

 

Abstract 

Metallic substrates are modified by a polymeric layer obtained under photochemical 

irradiation of acetonitrile. The reaction involves a photogenerated radical and leads to the 

covalent bonding of the organic layer to the metal. Different characterization techniques allow 

to unravel the structure of the layer: Substrate-CH2-CH-(NH2)[-CH2-CH-(NH2)-]n-[CH2-

C(=O)]m. A mechanism is discussed that accounts for the formation of the layer. The method 

is quite easy to implement, it only necessitates a UV lamp and a very common solvent. 

Photografting is well suited to pattern surfaces with polymeric layers by irradiation through a 

mask and finally, the patterning of copper at the micrometer scale is described as a proof of 

concept. 

Introduction 

Electrografting is a well recognized technique for the covalent modification of surfaces, for 

example by reduction of vinylics or diazonium salts.1,2 These methods permit to obtain 

strongly bonded organic layers on carbon, metals, semiconductors and dielectric substrates. 

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

very large number of organic functions.  

Some examples of localized electrografting of surfaces have been published. A first series of 

experiments use AFM for patterning surfaces. For example, the localized electrografting of 

diazonium salts has been achieved by electrografting a uniform film, removing lines of the 

film with an AFM tip and electrografting a second diazonium in the lines.3  In this way, 
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patterns down to 0.33 µm width of methyl and nitro groups were obtained on a flat carbon 

surface. AFM also permitted the targeted delivery of a single molecule.4 For that, gold coated 

AFM tips were modified by electrografting a vinylic polymeric chain that reacts with the 

surface when the tip is brought into contact. When the tip is retracted the weakest bond 

between the tip and the surface is broken (Au(tip)–C(vinylic polymer) bond) and finally the 

polymer chain remains bonded to the surface.  

A second method used poly(dimethylsiloxane) (PDMS) molds with 22 µm channels that were 

applied on flat carbon surfaces. The channels were filled with a diazonium salt that was 

electrografted. Spontaneous grafting of metallic surfaces can also be achieved with this 

technique,5 as well as the modification of already grafted layers6 . Instead of using a stamp, an 

Au or GC surface has been covered with an array of polystyrene beads (down to 0.1 µm) that 

mask part of the surface. Then, the aryldiazonium electrografting process is followed by 

subsequent removal of the polystyrene beads, the ungrafted surface areas become available 

for either another aryldiazonium electrografting or a metal electrodeposition.7 

SECM (Scanning ElectroChemical Micoscopy) permits to pattern conductive and insulating 

surfaces. A nitro aryl derivative is reduced at the tip of a SECM to an amine and as this amine 

diffuses to the substrate, it is diazotized (by NaNO2 added in the solution) and the diazonium 

salt is reduced and electrografted on the substrate maintained at -0.1 V/SCE; 40 µm wide 

spots were obtained. 8 Organic bands (110 µm wide) were electrografted onto a gold surface 

by direct reduction of a diaryliodonium ion at the surface, the SECM tip acting as a counter-

electrode.9 Since an organic layer of bromobenzyl groups attached to a gold substrate acts as 

an initiator for ATRP (Atom Transfer Radical Polymerization), by locally reducing the C-Br 

bond, no polymerization is possible where the bromine atoms have been cleaved and a ~ 100 

µm pattern was obtained in the polymeric layer. 10,11 By electrogenerating highly reducing 

radical anions at a SECM tip, it was possible to reduce 200 µm spots of 

polytetrafluoroethylene into carbon and to attach a polymer to this carbon. 12 By reducing a 

solution containing a diazonium and a vinylic, intricate deposited polymer patterns made of ~ 

0.2 µm lines were obtained by atomic force - scanning electrochemical microscopy (AFM-

SECM). 13 

On semiconductors, localized doping may promote localized electrografting; this was 

demonstrated for example, on p-doped Si(100) covered with its native oxide. 14-16 It is also 

possible to produce localized electrografting by using surfaces made of two different 
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materials. With a silicon sample partly plated with gold,17 only the gold part of the sample is 

electrografted whatever silicon or gold is used for contact. In this way, thin patterns such as 

interdigitated gold electrodes with 0.5 µm between the two electrodes can be selectively 

covered with polymeric films.  

Looking at these different methods for patterning polymers on surfaces, it appears that SECM 

and AFM are very slow methods that will be difficult to use on a larger size than a few µm; 

the use of PDMS stamps seems also difficult on a production scale. On the contrary, 

photopatterning is widely used by the microelectronic industry to produce integrated circuits 

with patterns down to 32 nm and the fabrication of very complicated masks is now routinely 

achieved by this industry. In the biological field, bio-micropatterning onto polyethyleneglycol 

covered glass using deep UV light is an elegant method to control cell adhesion geometry on 

surfaces. 18 It would therefore be interesting to find out photochemical methods for patterning 

various substrates including metals and carbon, starting from simple chemicals. 

Among the already existing photografting methods, the modification of the surface of 

polymers has been the most widely investigated. Some examples involve the grafting of i) 

polyethylene by acrylic acid in the presence of benzophenone or formaldehyde, 19-21 ii) 

benzoylated polystyrene by polyethyleneglycol chains to give a polystyrene-graft-

polyethyleneglycol, 22 iii) polydimethylsiloxane by polyvinylic acid.23 In a different reaction, 

alkenes and alkynes have been grafted, under irradiation, on a variety of substrates (diamond, 

24-38 glassy carbon,39-43 pyrolyzed photoresist,44 amorphous carbon,45 carbon nanotubes,46 

silicon, 47-56). These alkenes or alkynes can be end functionalized to permit further 

modification. 37,57 Alkyl halides have also been photografted on diamond (hydrogenated or 

not) and metal surfaces, using X-ray beams or UV irradiation. 58-60 

Heterocyclic azides61 and other substituted phenyl azides62 can be photopatterned by UV 

through masks onto polymer surfaces (polyethylene, polyimide, polyester,...), giving 

micrometer sized patterns on polystyrene.62 Patterning through a photoresist is also possible.63 

A photoresist deposited on Si(100) was irradiated through a mask, after lift-off, a diazonium 

salt was electrografted on Si to give patterns of 4-aminophenyl groups (down to 1 µm).64 

In this paper, we present a method for photografting a very simple compound, acetonitrile 

(ACN) or haloacetonitriles, to give nanometer thick amino layers. When irradiation takes 

place through a mask, 100-200 micrometer wide lines are obtained. 
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In a recent paper, the electrochemical reduction of I- and Br-CH2CN was reported to give an 

amino layer through an intermediate cyanomethyl radical (
.
CH2CN).65 The indirect 

electrografting of ACN has also been described by reducing 2,6-dimethylphenyl diazonium.66 

Due to the steric hindrance of the two methyl groups, the 2,6-dimethylphenyl radical obtained 

cannot bind to the substrate,67  but it can abstract an hydrogen atom from the solvent (ACN). 

This leads to the cyanomethyl radical that reacts with the metallic (Au, Cu) or Si-H surfaces 

to give a bonded organic layer that can be described as Substrate-[CH2CH(NH2)]n with 

carbonyl groups included in the chains. A mechanism has been proposed to account for the 

formation of this layer.  

Photografting of ACN was also observed on Carbon NanoTubes (CNT) and the following 

structure was assigned to the modified nanotube: CNT-CH2-CH2-NH2 on the basis of XPS and 

IR spectra, without any evidence concerning the thickness of the film and the mechanism for 

its formation.68 As we will see below our results do not agree with this structure.  

Experimental section  

Chemicals. Anhydrous acetonitrile (99.8%), 4- nitrobenzoyl chloride, 4-tert-butyl and 4-

nitrophenyl isocyanate were from Sigma-Aldrich and iodoacetonitrile (ICH2CN) from Acros 

Organics. They were used as received. One irradiation experiment was performed with a 

freshly opened bottle of 99.9% Chromasolv ACN; similar IR spectra were observed on copper 

(Figure. S1, Supporting Information, SI). Acetone, sulphuric acid (96%) were from Acros 

Organics and hydrogen peroxide (30%) from Merck Schuchardt. Milli-Q water (>18 M�) 

was used for plate rinsing and solutions preparation. Caution: ICH2CN should be handled 

with gloves. 

Plates. 1x1 cm Gold coated wafers (Aldrich, gold coated silicon wafer, 1000 angstrom 

coating) were cleaned with ‘piranha’ solution (1:3 v/v H2O2:H2SO4) for 10 min at room 

temperature, and rinsed under sonication for 10 min in Milli-Q water. Before modification, 

the plates were dried under a stream of nitrogen. Caution : Piranha solutions are highly 

aggressive and should be handled with full protection, gloves, mask,... 

Massive (1 cm2) iron or nickel plates were polished using 2 �m alumina slurry on DP-NAP 

polishing cloth with a Mecatech 234 polishing machine (Presi). For the measurements on 

copper, Si wafers covered with 150 nm of polished copper were used without further 

polishing, they were rinsed with Milli-Q water, left for 10 min into 5% aqueous solution of 
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citric acid, rinsed again with Milli-Q water and sonicated for 10 min in acetone, and dried 

under a stream of nitrogen. 

Photografting. Photochemical modification was achieved via wide spectrum UV irradiation 

mercury Pen Ray lamp UVPC-86079 (20 mA AC, 4400 µW cm-2 at 254 nm for a distance of 

~ 2 cm ) with emission at 184.9 (3%, ~ 150 µW cm-2) , 253.6 (100%, ) , 312.5-313.1,356.0-

356.3, 407.7, 435.8 nm. Prior to irradiation, a thin film of neat ACN or ICH2CN was 

deposited onto the metallic plates that were placed 4 cm under the UV light source. The 

experiments were performed in the laboratory atmosphere with some exceptions in a glove 

box containing less than 1 ppm O2. After UV irradiation for 10, 20 or 30 min, the plates and 

wafers were rinsed with ACN, acetone, ultrasonicated for 10 min in acetone two times and 

finally ultrasonicated for 10 min in toluene. For localized photografting, the Teflon® mask 

was held on top of the Cu wafer and the chromed quartz mask was separated from the copper 

wafer by a Teflon® ribbon (0.225 mm), so that a thin layer of ACN was present between the 

mask and the metal surface. The irradiation time was longer than without the mask (40 min) 

because the light intensity at the surface was lowered by the presence of the mask. 

For the identification of amine groups, a copper wafer irradiated for 10 min and rinsed under 

sonication in acetone for another 10 min was reacted overnight in an ACN saturated solution 

of 4-nitrobenzoyl chloride; some corrosion of the layer was observed. In other experiments, 

copper wafers irradiated for 2 min in ACN and rinsed as above were derivatized in 5 mL 

toluene + 300 µL 4- tert-butylphenylisocyanate or 5 mL DMF + 300 µL 4-

nitrophenylisocyanate , left overnight and rinsed in acetone for 480 s under sonication. 

Instrumentation. IR spectra of modified plates were recorded using a purged (low CO2, dry 

air) Jasco FT/IR-6100 Fourier Transform Infra Red Spectrometer equipped with MCT 

(mercury-cadmium-telluride) detector. For each spectrum, 1000 scans were accumulated with 

a spectral resolution of 4 cm-1. The background recorded before each spectrum was that of a 

clean substrate. The profiles were recorded with an IRRAS Jasco IRT 700S microscope, using 

a 40x40 µm2 beam size and 800 accumulations with a spectral resolution of 4 cm-1. 

Thicknesses of the films on Au and Cu were measured with a mono wavelength ellipsometer 

Sentech SE400. The following values were taken for gold: ns = 0.153, ks = 3.567; for copper: 

ns= 0.101, ks = 3.513. These values were measured on clean surfaces before photografting 

and the film thicknesses were determined from the same plates after modification, taking ns = 

1.46 , ks = 0 for the polymeric layer. 
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The thickness profile was recorded with an interferometric profilometer Microsurf 3D from 

Fogale. The real thickness reported in Figure 11D2, z, is obtained from the interferometric 

profile (not shown). This profile presents a height decrease in the pattern region where a layer 

was expected to have grown. This is explained from the loss of light reflectivity induced by 

the beam light transport into the dielectric grafted layer: the ungrafted copper surface is more 

reflecting than the copper surface covered by a thin dielectric layer. The interferometric 

topographic profile, Ztopo, is converted into local grafted film thickness, z, from z = -Ztopo/2n 

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

Contact angles were measured using the Krüss DSA30 instrument. The samples were 

horizontally placed on the instrument stage and 3 �L of Milli-Q water was automatically 

delivered on the top of the sample. At least five measurements were made for each sample. 

The values of the contact angles were calculated by the tangent method using Drop Shape 

Analysis software. 

AFM images. AFM measurements were performed using a 5100 Atomic Force Microscope 

(Agilent technologies- Molecular Imaging) operated in a dynamic tip deflection mode 

(Acoustic Alternating Current mode, AAC). All AFM experiments were done using Silicon 

Probes (Applied NanoStructures-FORT) in the tapping mode with 3 N m-1 spring constant at 

69 kHz. The images were scanned in topography, amplitude and phase mode with a resolution 

of 512×512 pixels and are representative of 1×1 µm2 regions over different locations on the 

studied surfaces. 

ToF-SIMS spectra were obtained with an ION-TOF IV with Au+ primary ions at 25 keV, the 

analyzed zone was 150 µm2 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. The images were obtained with Au3
+ ions for 100 scans 

(~ 40 min). 

Scanning electron microscopy (SEM) images and energy-dispersive X-ray (EDS) spectra 

were obtained using a Hitachi S-4300 microscope.  

Solution Analysis. Acetonitrile was irradiated for 1 hour, evaporated to about one tenth of its 

initial volume and diluted (50/50) with 0.1% phosphoric acid and injected by electrospray in 

positive mode in a Q-Tof-2 mass spectrometer from Micromass (m/z in the 90-1600 range, 

scan time= 1 min, inter scan time= 0.1 s, capillary voltage= 3.0 V, cone voltage= 40 V,               
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MCP= 2100 V, source temperature = 150°C, desolvation temperature = 300°C).The chemical 

formula was obtained from the best match of the isotopic mass using the ChemCalc software. 

Results 

Since acetonitrile absorbs below 200 nm, photochemical modification of metallic surfaces 

was achieved by irradiating at 184.9 nm a thin film of neat ACN deposited onto the metallic 

plate (4 cm under the UV light source). The irradiation time varied from 10 to 30 min. After 

irradiation, the samples were rinsed under different conditions, as described in the 

Experimental Section. After the initial rinsing, IRRAS spectra did not change upon further 15 

min rinsing in acetone under sonication. This indicated 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 UV irradiated for different times are presented in 

Figure 1. The main features of these spectra are the presence of a weak -C� N stretching band 

at 2211 cm-1 
 (2254 cm-1 for ACN itself) and the presence of bands corresponding to grafted 

amino groups at 1600 cm-1 (NH2 deformation) and at 3300 cm-1 (-NH2 stretching). A band at 

1399 cm-1
 (CH2 scissoring) is also observed. 66,69 Upon increased irradiation time, the 

transmittance decreases, which indicates the formation of thicker films (same for Au, see 

Figure S1, SI). The spectra obtained with Au, Ni and Fe are presented in Figures S2-4 (SI) 

along with the blank experiments without irradiation and the main peaks are assigned in Table 

1. IR bands in similar wavenumbers ranges are observed for all metals, but the NH2 

deformation band cannot be distinguished on Au. 

 

Figure 1. IRRAS spectra of A) a copper wafer a) left in ACN without irradiation for 30 min; b-d) submitted to 
UV irradiation in ACN for b) 10, c) 20 and d) 30 min and B) the 1500-1800 cm-1 range for Au, Fe, Ni and Cu, 
photografted for 20 min (C=O stretching and NH2 deformation bands). Ultrasonication for 10 min in acetone 
after photografting. 
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Table 1. IRRAS Spectra of the Different Metallic Surfaces 
Modified with ACN under UV Irradiation. Wavenumbers in cm-1.  

 
Metal Peak position  

cm-1 
Peak assignment 

Cu 3300  -NH2 stretching 

~1670 sh C=O stretching 

1600  -NH2 deformation 

Au 3260  -NH2 stretching 

1690 C=O stretching 

Ni 
 

3320  -NH2 stretching 

1675  C=O stretching  

~1600 sh -NH2 deformation 

Fe 
 

3400  -NH2 stretching 

1685 C=O stretching 

1600 -NH2 deformation 

 

For comparison, the spectra of a copper wafer irradiated in a solution of neat ICH2CN was 

recorded (Figure 2; bands at 3280, 1600, 1420 cm-1); it is similar to that of a copper wafer 

irradiated in ACN and the transmittance also decreases with time.   

 
Figure 2. IRRAS spectrum of a copper wafer irradiated in neat ICH2CN for a) 10, b) 20 and c) 30 min. 
Ultrasonication for 10 min  in acetone after photografting. 
  
The IRRAS data reported in Table 1 favor of the presence of –NH2 groups on copper, gold, 

nickel and iron surfaces after UV irradiation (by comparison with neat isopropyl amine: 3358, 

3282, 1608 cm-1, with isopropylamine chemisorbed on Ni:70 3300 cm-1, and with a Self-

Assembled Monolayer of 11-amino-1-undecanethiol that presents a broad band in the 3100- 
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3400 cm-1 region71). Carbonyl groups are also observed (1670-1690 cm-1), by comparison 

with acetone (1715 cm-1) and with 4-hydroxy-4-methylpentan-2-one,72 where a hydroxyl 

group located in the �-position (1707 cm-1) is hydrogen bonded (we could not find data with a 

�-substituted NH2 group). Figure 1B presents an enlargement of the 1400-1800 cm-1 region 

that shows the relative variation of the C=O stretching and -NH2 deformation bands with the 

different metals.  

In order to understand the origin of the carbonyl band, we have recorded the IRRAS spectra 

of gold wafers irradiated in a glove box containing less than 1 ppm of dioxygen (Figure S5, 

SI) and of copper wafers prepared in order to minimize or increase the amount of surface 

oxides. On gold, in the presence of dioxygen, a C=O band can be observed at 1690 cm-1 

(Figure 1B) and there is no significant band at ~ 1600 cm-1; in absence of dioxygen, the C=O 

band shifts to 1677 cm-1 due to overlapping with another band at 1616 cm-1, that can be 

assigned to the NH2 deformation (Figure S5, SI). Therefore, even in the absence of dioxygen, 

a C=O band is still present, this indicates that the oxygen of the carbonyl groups comes, at 

least in part in part, from surface oxides. This experiment also shows that in the absence of 

dioxygen, an NH2 deformation band appears, that was not observed in the presence of 

dioxygen and therefore the formation of the C=O and NH2 groups should be in competition. 

However, in these experiments, the surfaces have been sonicated before and after irradiation 

and it has been shown that bare Au surfaces are subject to uncontrollable, solvent dependent 

changes during sonication; such sonication prior to grafting may increase the reactivity of 

surface oxides.73 

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

with 4-nitrobenzoyl chloride (Scheme 1): 

Metal

N
H

2

N
H

2

Metal

NO2

COCl

ACN r.t.

NO2

C=O

NH

NO2

C=O

NH

 

 

Scheme 1. Reaction of surface amino groups from an irradiated copper wafer with 4-nitrobenzoyl chloride.  
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After reaction, the IRRAS spectrum (Figure 3) shows the disappearance of the 1600 cm-1 

band due to NH2 deformation and the appearance of several bands at 1692 cm-1 (overlapping 

C=O and NH amide bands), 1604 cm-1 (aromatic ring) and the two strong antisymetric (1532 

cm-1) and symmetric (1350 cm-1) bands of the nitro group. The spectra of irradiated copper 

surfaces post modified with 4-butyl or 4-nitrophenylisocyanate are presented in Figure S6 

(SI); the reaction is sluggish and the characteristic bands are small. 

 

Figure 3. Copper wafer a) photografted by UV irradiation in ACN for 10 min , and b) immersed overnight in a 
saturated solution of 4-nitrobenzoyl chloride. Ultrasonication for 10 min in acetone after reaction.   
 

In order to determine a grafting mechanism, water (1%) or acetic acid (1 %) was added to 

ACN during irradiation of a copper wafer and no change of the IRRAS spectrum was 

observed, (Figures S7 and 8, SI). Conversely, when a radical trap, TEMPO (2,2,6,6-

tetramethylpiperidine 1-oxyl), was added to ACN (1%, 60 mM), photografting was 

completely suppressed as shown in Figure 4. 

 

Figure 4. Copper wafer irradiated in ACN for 20 min a) and b) in the presence of 1% TEMPO. Ultrasonication 
for 10 min in acetone after irradiation.  
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The homogeneity of the layer was examined by recording IRRAS profiles at 1600 cm-1 along 

a ~ 1x0.2 mm2 line on a copper wafer (Figure 5). The profiles show that after 10-30 min 

irradiation, the absorbance does not present any zero value, which indicates that there is no 

ungrafted region at the 30 µm scale. The mean absorbance, A,  increases with the irradiation 

time - a) 10 min, A � 0.01; b) 20 min, A � 0.02; c) 30 min, A � 0.025- indicating thicker 

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

bumps are observed on these profiles.  

 

Figure 5. IRRAS surface absorbance profiles at 1600 cm-1 of a copper wafer photografted in ACN with 
irradiation time: A) 10, B) 20 and C) 30 min. 40x40 µm beam size. 
 

Thickness of the layers. The values (d) obtained by ellipsometry on copper and the relative 

intensity of IR absorption at 1600 cm-1 are represented in Figure 6 for different irradiation 

times in ACN. A good correlation between ellipsometric and IR measurements is observed 

altogether. Both vary quasi linearly with time.  

 

Figure 6. Relative IR intensities of the 1600 cm-1 band (�) and thickness (z) (�) vs irradiation time on copper 
wafers. A relative 100 % thickness corresponds to 85 nm.  
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Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). 

Figure 7A presents the SEM images of a bare copper wafer and Figure 7B the same wafer 

after 30 min irradiation in ACN. The two images are clearly different and a coating can be 

observed on the photografted sample (Figure 7B). In order to confirm that the difference in 

the two images of Figure 7 corresponds to the grafted organic coating, we have recorded the 

EDS spectra of the modified copper wafer at two different positions: the first one corresponds 

to the organic layer, the second one to the interface between 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 wafer photografted by UV irradiation under 
ACN for 30 min; C) ToF-SIMS image obtained from the sum of the positive ions (fragments containing both Cu 
and C), UV irradiation in ACN for 30 min.   
 

Inside the grafted layer (Figures 8A, C), besides Cu and Si, a small amount of Ti (that 

probably corresponds to an intermediate layer of the wafer) is observed (~ 22% C, 8% N and 

9% O, mass %). Inside the scratch, most of the Cu has been removed (Figure 8B, D), Si 

appears (60-85%), C decreases to ~ 6 %, N and O become negligible. This is in good 

agreement with the IRRAS spectra and confirms the presence 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 min irradiation in ACN. C, D) Relative mass distribution 
of C, N, O, Si, Ti and Cu atoms at the grafted surface and scratched line of the copper wafer. C) on the modified 
surface along the rectangle indicated in A. D) in the center of the scratched line along the rectangle indicated in 
B. 
 

AFM images have been captured on copper and gold (Figure 9). With both metals, the layer 

appears compact. The film thickness on copper is ~ 20 nm, in good agreement with the 

ellipsometric measurements; on gold, the layer is very thin and close to a monolayer. Figures 

S9 and 10 (SI) present the topographic, phase and amplitude AFM images. The topographic 

profiles present some dips that should correspond to small (10-100 nm diameter) holes in the 

layer. 

 

Figure 9. AFM phase images (1 x 1 µm2) of clean copper and gold wafers (respectively a, b,) 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 Au surfaces. The main 

characteristic peaks are presented in Figure 10. Figure 10A presents negative ions assigned to 

NH (m/z = 15.01) and CN (m/z = 26.00), indicating the presence of nitrogen on the surface. 

Figure 10B presents some positive ions characteristic of the structure of the layer: C4H8NO 

[m/z = 86.06, CH2-CH(NH2)-CH2-C(=O)-H], C4H10N2 [m/z = 86.09, CH2-CH(NH2)-CH2- 

CH(NH2)-] and C4H9N2 [m/z  = 85.08, CH2-CH(NH2)-CH2-CNH2-] on copper; C6H15N2 [(m/z 

= 115.12, CH2-CH(NH2)-CH2-CH(NH3)-CH2-CH2] on gold. Figure 10C presents positive ions 

that contain both an atom from the substrate (Cu, Au) and carbon from the organic layer: 

CuCHN [m/z = 89.94],63 CuC2H3N [m/z = 103.96, 63Cu-CH2-NH], AuC2N [m/z = 234.96]. 

Figure 7C is a 150x150 µm2 ToF-SIMS image of the sum of all the positive ions containing a 

copper atom and a carbon fragment. As the MEB images, it indicates a homogeneous 

grafting.  Note that, on gold, although the IRRAS NH2 deformation band is too small to be 

distinguished from the neighboring C=O band, ToF-SIMS, that is more sensitive, allows 

observing the presence of NH2 groups in the layer. 
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Figure 10. ToF-SIMS spectra. A) negative ions, B, C) positive ions; a, b) copper wafer, c,d) gold wafer. Blue 
lines: samples irradiated in ACN for 30 min; red lines: untreated samples. Some spectra are recorded three times 
on three different locations on the sample.  
 
Analysis of the irradiated solution. After irradiation, a sample of acetonitrile was analyzed 

by electrospray ionization mass spectroscopy. The spectrum presents the base peak at m/z = 

242.605 (relative intensity 100%) and smaller peaks at m/z =243.625 (32%); 409.35 (5%); 

429.26 (12%); 430.28 (5%). The base peak can be assigned to the protonated oligomer 

(C11H26N6, exact monoisotopic mass: 242.222), in good agreement with the proposed 

structure of the organic layer: 

NC-[CH2-CH(NH3
+)]4- CH2CN 

Open circuit potential (ocp) under irradiation. In order to assess the possible involvement 

of electron transfer between the metallic substrate and the organic layer, we have measured 

the ocp without and under irradiation and compared these data with the ratio of amino to keto 

groups measured by IRRAS (Table 2, Figures S11-14, SI). 

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

 

 

 

 

 

                        

 

 a) Ratio of IR intensities of the NH2 deformation  and  the C=O stretching bands in Figure1B. 

 

 

CuCHN CuC2H3N

Cu Cu

a b

AuC2N AuC2H6N2

Au Auc d

C

Open circuit potential 

without irradiation 

 under irradiation 

Cu Au Ni Fe 

-0.34 -0.27 -0.19 -0.12 

-0.37 -0.29 -0.19 -0.11 

NH2 vs C=Oa ~90:10 ~0 ~30:70 ~50:50 
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The ocp increases (becomes less cathodic) in the order Cu, Au, Ni, Fe. This order of ocp is 

different from that of the ratio of the IRRAS intensities of the amino deformation over the 

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

Localized Grafting. To obtain patterned surfaces, we have irradiated a copper wafer through 

a mask that was either i) a Teflon® plate with 2 mm holes or ii) a chromed quartz mask with 

133 µm wide lines (Figure 11C1).  

The Teflon® mask was used to get an IR image of the spot obtained on the copper wafer with 

a 40x40 µm beam size (Figure 11A). The image was recorded at 1600 cm-1 (NH2 deformation 

vibration) and represents approximately a quarter of the spot. The highest intensity is 

observed on the upper left corner (center of the spot) in a zone whose dimensions are in 

agreement with those of the Teflon® mask.  

With the chromed quartz mask, the resulting lines were imaged by ToF-SIMS. Figures 11B2 

and 3 represent the images for, respectively, the sum of the intensities of all positive ions, and 

the intensity of the peak at m/z = 132.99 [CuCH2CH(NH2)CH2CH+]. The latter, which is 

recorded in the line, is represented in Figure 11B1. Optical images of the quartz mask and the 

irradiated copper wafer are presented, respectively, in Figures 11C1 and 2. The two images 

are in good agreement; 166 µm wide lines are visible on the patterned wafer. The same lines 

were also imaged by optical microscopy (11D1).  Profilometry across the line (11D2) permits 

to measure the thickness and the width of the line: ~40 nm and ~ 200 �m respectively (in fair 

agreement with the optical image). 

These different images indicate that localized photografting is possible on metals and that the 

lines observed optically correspond to the organic layer obtained from the photochemical 

reaction of ACN. 
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ToF-SIMS through the peaks containing both a metallic atom and part of the organic layer 

such as CuC2H3N (Figure 10C). 

A remarkable difference between photo and electrografting can be mentioned. Under 

photografting, the thickness of the layer increases linearly with time since the radicals are 

continuously generated in the solution and bind to the growing layer. Conversely,  under 

electrografting, the layer is self-limiting and reaches a limit after a certain time74 since the 

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

the electron transfer becomes slower and slower and finally stops. 

These coatings can be compared with the layers obtained by indirect electrografting of ACN 

through hydrogen atom abstraction from ACN by the 2,6-dimethylphenyl radical (Ar
.
)66 to 

give the cyanomethyl radical (Scheme 2):  

 

Scheme 2 

In this case, a structure containing amino and carbonyl groups was assigned to the layer. Here, 

a similar structure can be assigned to the photografted layer. It is presented in Scheme 3 along 

with the characteristic ToF-SIMS fragments. The layer  obtained on a copper wafer after 10 

min irradiation in ACN is 20 nm thick (Figure 6); for comparison, a -CH2-CH(NH2)- group is 

0.11 nm long. 

 
ToF-SIMS fragments: 

-CH2-CH(NH2)-CH2-C(=O)-H+, 

-CH2-CH(NH2)-CH2-CH(NH2)-
 +, 

-CH2-CH(NH2)-CH2-CH(NH3)-CH2-CH2-
+ 

 

Scheme 3 

A mechanism for the formation of the above layers is summarized in Scheme 4. We propose 

that the same cyanomethyl radical be responsible for the photografting of ACN and ICH2CN. 

Ar
.
 + CH3CN                   ArH +

 .
CH2CN

Cu + 
.
CH2CN                  Cu-CH2CN

S

S= substrate

nm

NNH2 O
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The photografting of alkyl halides on metals (Cu, Au) under UV irradiation60 and on diamond 

surfaces (hydrogenated or not) using X-ray beams58 or UV irradiation with an Hg arc59 has 

been reported and the alkyl radical was deemed responsible for the reaction with the metal. 

The electrochemical reduction of I, BrCH2CN has been described and the resulting 

cyanomethyl radical was shown to react with metallic surfaces to give amino layers.65 The 

cyanomethyl radical has been previously identified in acetonitrile under irradiation [R1].68,75 

For example, this radical has been characterized by esr upon irradiation with a mercury 

lamp.75a Therefore, we propose that the cyanomethyl radical is formed by irradiation of either 

CH3CN [R1] or ICH2CN [R2]. It reacts with the surface along reaction [R3].  

In the course of indirect electrografting, the growth of the layer was assigned to the reduction 

of the cyanomethyl radical into the cyanomethyl anion, which further reacts with the nitrile 

group already grafted to the surface (Thorpe reaction). In this case, the potential of the 

electrode (- 0.90 V(Ag/AgCl) on Au and Cu) or the open circuit potential (-0.44 V(Ag/AgCl) 

on Cu permitted the reduction of the radical to the anion.66 Addition of 1% water completely 

suppressed the grafting reaction by protonation of the anion.  

Here, upon addition of 1% water or acetic acid during photograting, there was no change in 

the IRRAS spectrum of the surface. Moreover, by adding TEMPO, the photografting was 

completely suppressed, indicating a radical reaction. This clearly shows that i) no anion and, 

ii) no electron transfer from the metal to the cyanomethyl radical are involved in the process. 

The ocp under irradiation (-0.37 V/(Ag/AgCl)) is not very different from the ocp measured 

during the indirect electrografting in the presence of 0.1 M  2,6-dimethylbenzene diazonium 

(-0.44 V/(Ag/AgCl)). 66 Therefore, the difference of mechanism between photochemical and 

electrochemical reactions (radical vs anionic reaction) cannot be explained by different 

potentials of the metal. It should originate from kinetics differences: the radical reaction 

would be faster than the anionic reaction under photochemical irradiation due to the increased 

concentration of the radical. Note that the cyanomethyl radical should be quite stable in ACN 

as the only reaction it may undergo in solution is a hydrogen atom abstraction from ACN, that 

regenerates the same radical.  

Therefore, we propose that the growth of the layer be due to the attack of the cyanomethyl 

radical on the nitrile group of the first grafted -CH2CN group [R4]. The attack of the radical 

takes place on the carbon atom of the nitrile group. This reaction has already been reported in 

the litterature: 76 i) the cyanobutyl radical cyclizes to give cyclopentanone through an 
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intermediate iminyl radical, 77 (reaction rate: 4.5x102 s-1 at 259 K);78 ii) iminyl radicals are 

generated by 5-exo cyclisation of alkyl, vinyl and aryl C-centred radicals with nitriles;79 iii) 

the fluoroformyl radical reacts with acetonitrile to give an iminyl radical 80 and the esr 

spectrum of iminyl radicals has been observed.81 In Scheme 4, the iminyl radical can be 

hydrogenated to an imine by hydrogen atom transfer from ACN, regenerating a cyanomethyl 

radical [R5]; therefore, the reaction is a chain reaction. For comparison, the fast rate constants 

for the reaction of the 2-methyl-6,6-diphenyl-5-hexeniminyl radical with good hydrogen 

donors such as thiophenol and chlorothiophenol are: k = 0.6x107 and 1.4x107 M-1 s-1, 

respectively. 82 

The formation of keto groups during the indirect electrografting 66 was assigned to the 

hydrolysis of the imine during the rinsing of the samples. But in the present photografting 

reaction, addition of 1% water or acetic acid does not change the –NH2/C=O ratio measured 

by IRRAS. Therefore, the –C=O group does not originate from the hydrolysis of the imine. 

On gold, in the absence of dioxygen, the IR intensity of the carbonyl group is smaller but does 

not completely disappear; on copper this band increases when the copper surface is left in 

contact with air. This indicates that the sources of oxygen are atmospheric dioxygen and the 

surface oxides [R6]. The differences between the samples prepared with or without sonication 

indicate that sonication influences the results.73 For samples prepared under the standard 

conditions described in the experimental section, it is difficult to explain why the –C=O band 

intensity increases in the order Cu<Fe<Ni<Au, it probably depends on many factors among 

which the structure of the oxide, its thickness, its bond dissociation energy. The high amount 

of carbonyl groups on gold can be related to the high activity of gold as a catalyst. This 

catalytic activity has been assigned to the extremely reactive nature of atomic oxygen bound 

in 3-fold coordination sites on metallic gold. This is the predominant form of O at low 

concentrations on the surface.83 The formation of the carbonyl group can originate either from 

the iminyl radical or from the imine, but imines are stable in the presence of oxygen, therefore 

the reaction of the iminyl radical both with dioxygen and surface oxides is the most likely 

route to the carbonyl group [R6]. 

The photoreduction of imines in the presence of an hydrogen atom donor has been 

documented,84,85 it occurs along reaction [R7] that also regenerates the cyanomethyl radical. 

This leads to amines that have been observed by IRRAS, and chemical derivatization. In the 

case of indirect electrografting,66 we had assigned the reduction of the imine into an amine to 

an electron transfer. We have examined this possibility in the present case by recording the 
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open circuit potential (ocp) for the different metals under irradiation and the ratio of keto to 

amino groups (Table 2). The order of ocp is Cu, Au, Ni, Fe while that of -NH2/C=O is Cu, Fe, 

Ni, Au. This difference of order does not support an electron transfer as the main route to the 

reduction of the imine.86 

The chain grows by repeating these reactions of the cyanomethyl radical on the terminal 

nitrile, giving both amines and keto groups in the chain [R8]. The process is a chain reaction 

as cyanomethyl radicals are generated through [R5 and R7]. The small nitrile bands observed 

in IRRAS correspond to the terminal nitrile groups. 

Localized grafting through a mask gives a pattern whose size is similar to that of the mask 

(�150-200 µm lines). Such pattern size compares well with patterns obtained with SECM. It 

is a little larger than those obtained with PDMS stamps and 3 orders of magnitude larger than 

those obtained with polystyrene beads. Clearly, the interest of the method we propose is not in 

the size that it is possible to reach. But with grafting by irradiation through masks or by 

SECM, the pattern can be tailored at the micrometer scale, which is the size suited for 

biological applications. With nanobeads or particles, the pattern is fixed since the patterned 

zone corresponds to the free electrode surface left between the beads arranged in a hexagonal 

structure. Smaller patterns would necessitate smaller masks or grids and likely a more 

powerful UV source.87 

Conclusion 

The photochemical grafting of ACN is possible on metals, it gives thin organic layers 

functionalized with amino and keto groups. This method is quite easy to implement, it only 

necessitates a UV lamp and a very common solvent.  Interestingly, the structure of the layers 

is similar to that obtained through indirect electrografting or through electrografting of I and 

BrCH2CN, but the mechanism is different, as indicated by the addition of water that stops the 

electrografting reaction, but does not change the photografting reaction. Therefore, a 

mechanism involving only radicals is proposed. 

Localized grafting is easily performed by carrying out the photografting reaction through a 

mask. The size of the pattern, which is similar to that of the mask, compares well with 

patterns obtained with SECM. The interest of the method is not in the size that it is possible to 

reach, but in the easiness to implement it in the micrometer range, that is well suited for 



Chapter 3 │ Paper 

 

- 104 - 
 

biological applications. Since amino groups are easily post functionalized, it should be 

possible to use this localized grafting for the construction of biosensors. 

 

 

Scheme 4  
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Supporting Information Available : experimental section, IRRAS spectra for Ni, Fe, Au 

surfaces photografted with ACN and blank experiments without irradiation, determination of 

ocp, contact angles. This material is available free of charge via the Internet at 

http://pubs.acs.org. 
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Supporting Information 

 

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

before treatment 

 

Figure S1. Copper wafer irradiated for 30 min in a) 99.8% anhydrous ACN and b) 99.9% Chromasolv ACN 
(Aldrich). 
 
Two pieces of copper wafers were cleaned as indicated in the experimental section, The two 

different qualities of acetonitrile (99.8% anhydrous acetonitrile and 99.9% Chromasolv, 

Aldrich) provide identical results.  
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IRRAS spectra of Au, Ni and Fe surfaces photografted with ACN along with the blank 

experiments without irradiation are given in Figures S2-4. 

 

 

Figure S2. Au wafer after UV irradiation in ACN for a) 10, b) 20 and c) 30 min. Inset: blank) Gold wafer left in 
the ACN solution without irradiation for 30 min compared with c), the same wafer irradiated for 30 min. 
Ultrasonication for 10 min in acetone after photografting.   
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Figure S3. Ni plate  a) left in the ACN solution for 30 min without irradiation), b) after UV irradiation in ACN 
for 20 min. 
 

 

Figure S4. Fe plate  a) left in the ACN solution for 30 min without irradiation), b) after UV irradiation in ACN 
for 20 min. 
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Figure S5. Gold wafer after UV irradiation in ACN for a) 10 min in a glove box containing  less than 1ppm of 
dioxygen. Ultrasonication for 10 min in acetone after photografting. 

 

 

Characterization of the amino groups by reaction with isocyanate 

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

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

 

 

 

 

Scheme S1. Reaction of surface amino group on a copper wafer with 4-nitrophenylisocyanate.  

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

(Figure S7 Ab) shows the presence of two new peaks at 1505 and 1330 cm-1 (designated by * ) 

that are attributed to the asymmetric and symmetric stretching of the -NO2 group (by 

comparison with nitrobenzene: 1521 and 1347 cm-1). After reaction of a modified copper 

wafer with t-butylphenylisocyanate (Figure S7 Bc), a peak corresponding to -CH3 stretching 

appears at 2965 cm-1 (designated by * ), by comparison with t-butylbiphenyl: 2954 and 2926 

cm-1). These results confirm the reaction of grafted –NH2 groups with 4-nitro or 4-t-
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butylphenylisocyante. The reactions are less efficient than the reaction with 4-nitrobenzoyl 

chloride. 

 

Figure S6. Copper wafer a) photografted by UV irradiation in ACN for 2 min , and immersed overnight in a 60 
mM solution of b) 4-nitrophenylisocyanate and c) 4-t-butylphenylisocyanate in toluene at 40°C. Ultrasonication 
for 10 min in acetone after reaction. 
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Copper wafers modified for 20 min under UV irradiation in ACN + either 1% H2O or 

acetic acid. 

 

Figure S7. Cu wafer  after UV irradiation in ACN +1% H2O for 20 min. 

 
Figure S8. Cu wafer  after UV irradiation in ACN +1% acetic acid for 20 min.  
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AFM images 

Copper 

 

Figure S9. AFM images (1 x 1 µ
topographic profiles. a, b, c, d) clean
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Gold 

Figure S10. AFM images (1 x 1 
topographic profiles. a, b, c, d) clean
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Chronopotentiometry and determination of open circuit potentials (ocps) 

 

The metallic plates (or wafers) were connected with an insulated copper wire. The system 

consisted of an Ag/AgCl reference electrode, a carbon paper with a large area as the counter 

electrode and the metal plate as the working electrode. The UV lamp was held 4 cm from the 

plate surface during the measurements. The solution contained 20 mM NBu4BF4 in ACN. 

Chronopotentiometry curves of Cu, Au, Ni and Fe plates (or wafers) without and under UV 

irradiation are given in Figures S11-14.  

 

Figure S11. Chronopotentiometry for a copper wafer A) without and B) under UV irradiation. 
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Figure S12. Chronopotentiometry for a gold wafer A) without and B) under UV irradiation. 
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Figure S13. Chronopotentiometry for a nickel plate A) without and B) under UV irradiation. 
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Figure S14. Chronopotentiometry for an iron  plate A) without and B) under UV irradiation. 
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Water Contact angles  

They were measured on bare and irradiated Cu and Au plated Si wafers (they are referred as 

Cu and Au wafers) in ACN for different time durations (Table 1). Once irradiated in CH3CN, 

the contact angles for both surfaces are about the same (~60°), and they do not change with 

the treatment time (10, 20 or 30 min). This indicates that the surface energy of the organic 

film deposited onto the substrate is constant, whatever the substrate or the treatment time. For 

comparison, the advancing angles of a Si crystal covered by -(CH2)17NH2 and -(CH2)16CN are 

58 and 69°, respectivelyi 

Table SI1. Water Contact Angles on Bare and Modified Gold and Copper Plates upon Irradiation of ACN.a,b 
 

 bare 10 min 20 min  30 min 

Cu 45 59 60 61 

Au 57 60 58 61 

a) ° ± 4° , b) neat liquids.  
 

______________ 

i   Margel, S.; Sivan, O.; Dolitzky, Y Langmuir 1991, 7, 2317. 
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3.4. Analysis  
It had already been shown that alkyl radicals deriving from alkyl halides[1] or from 

haloacetonitrile[2] could be  and could react with metallic surfaces. The previous paper 

describes the photochemical formation and grafting of the cyanomethyl radical starting from 

acetonitrile. 

The obtained films are similar to those produced by the same radical under electrochemical 

conditions. But very surprisingly, the mechanisms responsible for the growth of the chain are 

different; an anion is involved in the electrochemical reaction and a radical in the 

photochemical reaction although the potentials of the metals are not very different. As stated 

in the paper, the difference likely stems from kinetics and it would be interesting to obtain 

some kinetic data on both processes. 

This is a new example of the photogeneration of a radical followed by its coupling to a 

metallic surface. It can be assumed that this type of reaction can be generalized since many 

radicals can be produced by photochemistry. Looking at the reaction of these radicals with 

metals, carbon, or semiconducting surfaces, it should be an interesting field of research. 

Primary radicals should be favored as it has been shown - during the electrochemical grafting 

of amines - that the secondary radicals are much less reactive and that tertiary radicals do not 

react at all[3]. 

 

___________________________ 
[1] M. M. Chehimi, Géraldine Hallais, Tarik Matrab, Jean Pinson, and Fetah I. Podvorica,  The  

Journal of Physical Chemistry C 2008, 112, 18559–18565.  
[2] C.Combellas, F.Kanoufi,Z.Osman, J.Pinson, A. Adenier, G. Hallais, Electrochimica Acta 

2011,  56, 1476. 
[3] R. S. Deinhammer, M. Ho, J. W. Anderegg and M.D. Porter, Langmuir, 1994, 10, 1306
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Chapter  4 : Physisorption vs grafting of aryldiazonium salts onto iron: A 

corrosion study  

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

methods for surface modification. As explained in the introduction, the mechanism that 

permits the attachment of the aryl ring to various surfaces involves, most often, a radical. 

Based on the attack of this aryl radical on the surface, a mechanism has been proposed that 

also describes the growth of the layer. In addition, the electrochemical reaction leading to the 

aryl radical has been described as concerted, that is the transfer of one electron to the 

diazonium salt and the cleavage of dinitrogen constitutes a single step. As the electron 

transfer takes place on a diazonium cation “close” to the electrode, the radical is also formed 

“close” to the electrode and is ready to react with the surface. “Close” can have two 

meanings: i) if the molecules diffuse to the electrode, the electron transfer will take place in 

the double layer at the outer Helmotz plane ; ii) the diazonium salt can also be adsorbed on 

the surface. In the latter case, the electron transfer takes place on a cation already on the 

surface and the radical will also be formed on the surface. Therefore, the problem of a 

possible adsorption of the diazonium salt on the surface is a key step in the grafting 

mechanism. 

Two papers have described the previous adsorption of diazonium cations on carbon surface. 

The first paper by Strano and al., uses Raman spectroscopy and photoluminescence to analyze 

the kinetics of the spontaneous grafting reaction of 4-chlorobenzene diazonium on SWCNTs. 

However, right from the start, this paper suffers from a error; the experimental section states 

that:” Prior to the reaction, the pH of the SWNT solution (1wt% SDS/D2O) was increased 

from 5.5 to 11 using NaOH solution”; it is well known that only diazoates and not diazonium 

salts are present at such pH. Therefore, this paper should demonstrate that diazoates are 

adsorbed, although the adsorption of negatively charged diazoates on electron rich SWCNT is 

less likely that of a diazonium cation. The Raman and photoluminescenece spectra show two 

successive first order reactions. A long-lived intermediate 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 the disorder mode in Raman (� =73 min). 
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The second paper from Stark and al. examines the spontaneous grafting of graphene sheets 

with 4-nitrobenzenediazonium by Raman spectroscopy. In this case, the reaction was 

performed in unbuffered water where diazoates are also the main species in solution. 

Adsorption is observed through a shift of the G band of graphene (a collective vibration of the 

surface), while the covalent bonding is observed through the appearance of a D band 

corresponding to the formation of sp3 carbons. 

We have examined the possibility of an adsorption step during the grafting of 3,5- and 2,6-

dimethylbenzene diazoniums. The experiments have been performed under conditions where 

the diazonium salts are stable at low pH. 

 

M a i n   r e s u l t s 

� Elucidation of the possible involvement of an adsorption step during the grafting of 

iron. 

� Confirmation of the grafting by  IRRAS. 

� Corrosion measurements to evaluate the inhibiton efficiency of the grafted layer. 

� Characterization of the grafted surface layer hydrophobicity/hydrophilicity by 

measurements of water contact angles. 

 

 

_____________________________ 

Monica L.Usrey, Ethan S. Lippmann and Michael S.Strano, Journal of American chemical 

Society, 2005, 127,16129 16135   

Fabian M. Koehler, Arnhild Jacobsen, Klaus Ensslin, Christoph Stampfer and Wendelin J. 

Stark  Small 2010, 6, No.10, 1125–1130 
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a b s t r a c t

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

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 N2 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 (� = 2.4 min). 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 Colloïdes 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).

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 1440 cm−1 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 �-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-

0013-4686/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.

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 M� 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 × 1 cm iron plates were polished with differ-

ent grades of polishing paper and finally with a 0.04 �m 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

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 mol dm−3 H2SO4 solutions with a 10−2 mol dm−3

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

out by applying a 1 mV/s scan rate. 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 4 cm−1. Polished iron

plates (as above) were used as references for the spectra.

Fig. 2. Two-step mechanism for the grafting of diazonium salts onto graphene.

dx.doi.org/10.1016/j.electacta.2011.01.049
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Fig. 3. Chronoamperometry curves for an iron electrode (d = 1 mm) immersed into a

10−2 mol dm−3 H2SO4 solution containing 10−2 mol dm−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 �L

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 ImageJ 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 mol dm−3 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 �A while in the case of 2,6-DMBD, it does not decrease below

8 �A.

3.2. Contact angles

The contact angle of a bare iron electrode immersed into

a 10−2 mol dm−3 H2SO4 solution and electrolysed for 5 min at

E = −0.7 V/SCE is 58 ± 2◦. It increases to 76.5 ± 2◦ when the electrol-

ysis solution contains 10−2 mol dm−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−1 with two

Fig. 4. IRRAS spectra for an iron plate electrolyzed for 5 min at E = −0.7 V/SCE in a

10−2 mol dm−3 H2SO4 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−1 due to surface oxides (by comparison

1160, 1020 and 750 cm−1 for lepidocrocite).

When the electrolysis has been performed in the presence of

3,5-DMBD, a different spectrum is obtained (Fig. 4c). Iron oxides

are still present, but with a lower intensity and this spectrum does

not present any IR absorption at 2280 cm−1, 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−1 (by comparison 1614, 1568, 1465 and 1390 cm−1 for

3,5-DMBD – Fig. 4d – that also shows the strong absorption of the

BF4
− ion at 1100 cm−1). An aromatic C–H out of plane vibration

is present at 853 cm−1 for Fe-3,5-DMBD that can be attributed to

1,3,4,5-tetrasubsituted benzenes (by comparison, very strong band

at 848 cm−1 for 1,2,3,5-tetramethylbenzene). The CH stretching of

the methyl groups is also observed in the 2800–3000 cm−1 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 5 min electrolysis at −0.7 V/SCE. The reduction

dx.doi.org/10.1016/j.electacta.2011.01.049
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solution: bare Fe, Fe-3,5-DMBD and Fe + 2,6-DMBD. The latter two were grafted for

5 min at −0.7 V/SCE in 10 mM of, respectively, 3,5- or 2,6-DMBD in 10−2 mol dm−3

H2SO4 . v = 1 mV/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

5 min 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
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Fig. 6. Polarization curves for iron electrodes (d = 1 mm) in a 10−2 mol dm−3 H2SO4

solution: bare Fe, Fe-3,5-DMBD and Fe + 2,6-DMBD. The latter two were grafted for

5 min at −0.7 V/SCE in 10 mM of, respectively, 3,5- or 2,6-DMBD in 10−2 mol dm−3

H2SO4 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 (Icorr/10−6)/A IE (%)

Nonea
−570 3.2 –

3,5-DMBDa
−597 1.5 53

2,6-DMBDa
−560 3.1 2

3,5-DMBDb
−590 0.5 84

2,6-DMBDb
−595 3.2 –

a Measurements in a 10−2 mol dm−3 H2SO4 aqueous solution. Electrode diame-

ter = 1 mm.
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 10−2 mol dm−3 concentration [29]. The same result can

be expressed by calculating the inhibition efficiencies, IE (Table 1),

from:

IE = 100

(

1 −
Ifilm
corr

Icorr

)

(1)

where Ifilm
corr and Icorr 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 grafting step of diazonium salts has been 

investigated on carbon (SWCNT and graphene) under conditions where diazonium salts are 

not stable on and on metals by examining the effect of a particular diazonium on the corrosion 

of iron. Clearly more studies should be dedicated to this problem to confirm the adsorption by 

other methods on other materials. For example,  

i) the Raman measurements on a graphene sheet should be repeated in an acidic medium,  

ii) one could examine by Multiple Infrared Reflexion a thin layer of metal (gold,…)  

deposited on silicon, the solution being above the metal and the IR beam reflecting inside the 

gold plated silicon  

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

translate into a two-step increase of weight. 
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General conclusions 

The main part of this thesis describes the grafting of the cyanomethyl radical (.CH2CN) on 

various surfaces. This radical is electron deficient, due to the presence of the cyano group on 

the same carbon as the unpaired electron. It is able to react with surfaces, like other radicals 

such as:  

i) alkyl radicals such as .CH2-C5H11 with the alkyl electron donating substituent 

(obtained from halides). 

ii)  benzyl radicals such as .CH2-C6H4-R , R = NO2 or H, (obtained from carboxylates or 

halides).  

iii)  aromatic radicals .Ar with a variety of electron attracting or donating substituents 

(obtained either by reduction of diazonium salts or by oxidation of Grignard 

reagents) 

iv) heteroaromatic radicals (derived from thiophene) 

v) aminyl radicals, .NH-R. 

DFT calculations have shown that radicals are indeed able to react with carbon or metallic 

surfaces to give stable constructions. Therefore, the reaction of radicals on metals  -and also 

on carbon- is general, and should be considered as a classical reaction in the rich chemistry of 

radicals.  

Oxygen centered radicals constitute a particular case; we have shown in the introduction that 

oxidation of alcohols on carbon leads to the formation of Surface-O-R assemblies, but it 

remains to be demonstrated that oxygen radicals are really involved. On the other hand, 

oxygen centered radicals are easily produced by oxidation of phenoxides, they have been 

widely investigated, but apparently no grafting reaction has ever been reported. 

The above list of radicals is certainly not limitative and many other radicals should be able to 

react with surfaces. The main restricting factor seems to be the steric hindrance of the radical: 

primary aminyl radicals attach very efficiently to carbon, secondary radicals are much less 

reactive and tertiary radicals do not react; in the aryl radicals series, the steric hindrance of the 

2,6-dimethylphenyl radical prevents its binding to surfaces.  
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The drawback of the steric hindrance can be turned into an advantage to graft other radicals. 

As the 2,6-dimethylphenyl radical (and most likely, other hindered radicals) is unable to react 

with surfaces, it abstracts an hydrogen atom from the solvent giving rise to another radical (in 

our case the cyanomethyl radical). This reaction can be generalized to other solvents and most 

likely to other organic compounds. If the hydrogen donor is the solvent, the condition is that 

the diazonium salt be soluble in this solvent; if it is a compound added in the solution, it must 

be a much better hydrogen atom donor than the solvent to compensate the concentration effect 

by a kinetic effect. Relative hydrogen donor abilities are known that should facilitate the 

design of proper candidates to graft onto surfaces. 

Electrochemistry (or related reductions by the substrate or a reagent added in the solution) has 

been mostly used for modifying surfaces with strong covalent-like bonds. We have shown 

that acetonitrile can also be grafted to surfaces by photochemistry. Alkyl halides are also able 

to give radicals and their attachment on surfaces has been described. More substituents should 

be investigated to open the way to further applications. These reactions can certainly be 

generalized since many radicals can be produced by photochemistry. For example,  irradiation 

of ketones is described in the literature as a means to produce radicals, but in this case the 

radical is a secondary radical and experiments must be performed to demonstrate that grafting 

is possible.  

This brief discussion shows that a lot of problems and a number of new possible reactions are 

possible in this field of research. As this type of reaction is not far from real-life applications, 

we expect it to give rise to new industrial applications. 
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Annexes 

Annex 1: Water contact angles 
Contact angle, �, is a quantitative measure of the wetting of a solid by a liquid. It is defined 

geometrically as the angle formed by a liquid at the three-phase boundary where a liquid, gas 

and solid intersect, as shown below:  

 

It can be seen from this figure that a low value of the contact angle (�) indicates that the liquid 

spreads (the surface is hydrophilic), or wets well, while a high contact angle indicates poor 

wetting (the surface is hydrophobic). If the angle � is less than 90°, the liquid is said to wet 

the solid. If it is greater than 90° it is said to be non-wetting. A zero contact angle represents 

complete wetting.  

 

M E A S U R E M E N T S 

A)  The substrate was cooled by a Pelletier element and a drop of a few microliters of water 

was placed on it, using a microsyringe. A stereomicroscope allowed the droplet image 

enlargement and the contact angle measurement using ImageJ software. 

B) Krüss DSA30 instrument 

Samples were horizontally placed on the instrument stage and 3 �L of Milli-Q water was 

automatically delivered on the top of the sample. At least five measurements were made for 

each sample. The values of the contact angles were calculated by the tangent method using 

Drop Shape Analysis software. 
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Annex 2: Ellipsometry  
Ellipsometry measures the change in the polarization state of light reflected from the surface 

of a sample. The measured values are expressed as  � and �. These values are related to the 

ratio of Fresnel reflection coefficients, respectively for p and s-polarized light. 

tan��� ��∆ =
��

�
    (1) 

Because ellipsometry measures the ratio of two values, it can be highly accurate and very 

reproducible.  From Eq. (1) the ratio is seen to be a complex number; thus, it contains phase 

information, which makes the measurement very sensitive.  In Fig.1, a linearly polarized input 

beam is converted to an elliptically polarized reflected beam. For any angle of incidence 

greater than 0° and less than 90°, p-polarized light and s-polarized will be reflected 

differently. 

 

Fig. 1.  Schematic of the geometry of an ellipsometry experiment. 

 

M E A S U R E M E N T S 

SENTECH SE 400 ellipsometer , He-Ne laser with �=6328 Å, angle =70.02° 

Model: the values for ns and  ks were measured on  a clean wafer and then  these values  were 

further used in the determination of the thickness of a grafted layer: n(ambient)=1, 

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

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

are two types of profilometers (contact and non-contact (optical)). 

Contact profilometry  uses a probe, or stylus, to physically measure the surface texture of a 

sample. As the probe is moved across the surface of the sample, the vertical movement of the 

stylus is captured and a two dimensional map of the sample surface is made. In this manner, 

step heights and surface roughness can be measured. The contact profilometer has a resolution 

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

Optical profilometry.  The optical profiler utilizes white-light interferometry to perform non-

contact surface measurements. Step heights, surface roughness and surface curvature can all 

be measured quickly with no sample preparation required. While a contact profilometer is 

limited to line scans, the optical profiler produces three-dimensional maps of the sample 

surface with sub-nanometer resolution. 

 

M E A S U R E M E N T S 

R Step IQ profilometer from KLA Tencor (contact profilometer) 

Thicknesses of films grafted onto Si were measured by carving a sharp furrow through the 

film with a sharp tip and measuring the depth obtained with the profilometer. 

Microsurf 3D interferometric profilometer from Foga le  (non-contact) 

The interferometric topographic profile is recorded; the real layer thickness z is obtained from 

the interferometric profile by converting Ztopo into z= -Ztopo/2n, where n= 1.46 is chosen for 

the grafted layer refractive index. 
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Annex 4: IRRAS spectroscopy 
There are a number of ways in which the IR technique may be implemented for the study of 

adsorbates on surfaces.  For solid samples possessing a high surface area:  

Transmission IR Spectroscopy: employing the same basic experimental geometry as that 

used for liquid samples and mulls. This is often used for studies on supported metal catalysts 

where the large metallic surface area permits a high concentration of adsorbed species to be 

sampled. The solid sample must, of course, be IR transparent over an appreciable wavelength 

range.  

Diffuse Reflectance IR Spectroscopy (DRIFTS): in which the diffusely scattered IR radiation 

from a sample is collected, refocused and analysed. This modification of the IR technique can 

be employed with high surface area catalytic samples that are not sufficiently transparent to 

be studied in transmission.  

For studies on low surface area samples (e.g. single crystals):  

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

specularly reflected from the front face of a highly-reflective 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 that it alternately undergoes total internal 

reflection from the front and rear faces of the sample. At each reflection, some of the IR 

radiation may be absorbed by species adsorbed on the solid surface - hence the alternative 

name of Attenuated Total Reflection (ATR). 

 

M E A S U R E M E N T S 

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

detector.  

For each spectrum, 1000 scans were accumulated with a spectral resolution of 4 cm-1. The 

background recorded before each spectrum was that of a clean substrate.  

A Jasco IRT 700S microscope, 40x40 µm2 beam size and 800 accumulations with a spectral 

resolution of 4 cm-1 was used for surface maping. 
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Annex 5: Tof-SIMS 
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is a surface-sensitive 

analytical method that uses a pulsed ion beam (Cs, Au or microfocused Ga) to remove 

molecules from the very outermost surface of the sample. The particles are removed from 

atomic monolayers on the surface (secondary ions). These particles are then accelerated into a 

"flight tube" and their mass is determined by measuring the exact time at which they reach the 

detector (i.e. time-of-flight). Three operational modes are available using ToF-SIMS: surface 

spectroscopy, surface imaging and depth profiling. Analytical capabilities of ToF-SIMS 

include: 

� Mass resolution of 0.00x amu. Particles with the same nominal mass (e.g. Si and C2H4, 

both with amu = 28 ) are easily distinguished from one another. 

� Mass range of 0-10,000 amu; ions (positive or negative), isotopes, and molecular 

compounds (including polymers, organic compounds, and up to ~amino acids) can be 

detected. 

� Trace element detection limits in the ppm range. 

� Sub-micron imaging to map any mass number of interest. 

� Depth profiling capabilities; sequential sputtering of surfaces allow analysis of the 

chemical stratigraphy on material surfaces (typical sputtering rates are ~ 100 

A/minute). 

� Retrospective analysis. Every pixel of a ToF-SIMS map represents a full mass 

spectrum. This allows an analyst to retrospectively produce maps for any mass of 

interest, and to interrogate regions of interest for their chemical composition via 

computer processing after the data set has been instrumentally acquired. 

 

 

M E A S U R E M E N T S 

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

The analyzed zone was 150 �m2, 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. The images were obtained with Au3
+ ions for 

100 scans (~ 40 min). 
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Annex 6: SEM, EDX 
The scanning electron microscope (SEM) uses a focused beam of high-energy electrons to 

generate a variety of signals at the surface of solid specimens. The signals that derive from 

electron-sample interactions reveal information about the sample including external 

morphology (texture), chemical composition, and crystalline structure and orientation of 

materials making up the sample.  The SEM is also capable of performing analyses of selected 

point locations on the sample; this approach is especially useful in qualitatively or semi-

quantitatively determining chemical compositions by using EDX. 

Accelerated electrons in an SEM carry significant amounts of kinetic energy, and this energy 

is dissipated as a variety of signals produced by electron-sample interactions when the 

incident electrons are decelerated in the solid sample. These signals include secondary 

electrons (that produce SEM images), backscattered electrons (BSE), diffracted backscattered 

electrons (EBSD that are used to determine crystal structures and orientations of minerals), 

photons (characteristic X-rays that are used for elemental analysis and continuum X-rays), 

visible light and heat. Secondary electrons and backscattered electrons are commonly used for 

imaging samples: secondary electrons are most valuable for showing morphology and 

topography on samples and backscattered electrons are most valuable for illustrating contrasts 

in composition in multiphase samples (i.e. for rapid phase discrimination). X-ray generation is 

produced by inelastic collisions of the incident electrons with electrons in discrete orbitals 

(shells) of atoms in the sample. As the excited electrons return to lower energy states, they 

yield X-rays that are at a fixed wavelength (that is related to the difference in energy levels of 

electrons in different shells for a given element). Thus, characteristic X-rays are produced for 

each element in a mineral that is "excited" by the electron beam.  

 

M E A S U R E M E N T S 

SEM images were obtained using a Zeiss Ultra II  or Hitachi S-4300 electron microscope. 

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

equipped with an energy dispersive X-ray spectrometer (Oxford Instruments INCA system). 
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Annex 7: AFM  
AFM provides a 3D profile of the surface on a nanoscale, by measuring forces between a 

sharp probe (<10 nm) and a surface at very short distance (0.2-10 nm probe-sample 

separation). The probe is supported on a flexible cantilever. The deflection of the probe is 

typically measure by a “beam bounce” method. A semiconductor diode laser is bounced off 

the back of the cantilever onto a position sensitive photodiode detector. This detector 

measures the bending of cantilever when the tip is scanned over the sample. The measured 

cantilever deflections are used to generate a map of the surface topography. 

 

M E A S U R E M E N T S 

5100 Atomic Force Microscope (Agilent technologies-Molecular Imaging), operated in a 

dynamic tip deflection mode (Acoustic Alternating Current mode, AAC). 

AFM experiments were performed using Silicon Probes (Applied NanoStructures-FORT) in 

the tapping mode with 3 N·m-1 spring constant at 69 kHz. The images were scanned in 

topography, amplitude and phase modes with a resolution of 512×512 pixels and are 

representative of 1×1 µm2 regions over different locations on the studied surfaces. 
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Abstract 

Two different processes for the attachment of the cyanomethyl radical (�CH2CN), deriving 
from acetonitrile, to metallic and semiconducting surfaces are described. 

� The first method is based on an H-abstraction reaction. A specially designed aryl 
radical can abstract an hydrogen atom from acetonitrile. 

� In the second method, the same cyanomethyl radical is produced by deep UV 
irradiation of acetonitrile. 

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

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

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

 

Résumé 

Cette thèse décrit deux procédés différents pour le greffage du radical cyanométhyle 
(�CH2CN), dérivé de l’acétonitrile sur des métaux et des semi-conducteurs. 

� La première méthode est basée sur une réaction d’abstraction d’un atome d’hydrogène 
de l’acétonitrile par un radical aryle stériquement encombré. 

� Dans la deuxième méthode, le même radical cyanométhyle est produit par irradiation 
dans l’UV lointain. 

Ce radical réagit avec la surface métallique pour former une liaison covalente, il est aussi 
responsable de la croissance d’une couche organique comportant des fonctions amines. Ce 
film fonctionalisé a été caractérisé par de nombreuses techniques (IRRAS, ellipsometrie, 
profilometrie, angle de contact, SEM, EDX, AFM et dérivatisation chimique). 

Dans le dernier chapitre l’adsorption d’un sel de diazonium sur la surface du fer 
préalablement à son greffage a été examinée. Les résultats indiquent l’absence d’une telle 
adsorption. 

Mots clés: Modification de surface, modification localisée, photochimie, radical 
cyanométhyle, sels de diazonium, 2,6-diméthylbenzenediazonium, adsorption. 


