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Why chemical or electrochemical grafting is important?

Coating a material with an organic layer, 1 nm to several hundreds of nm, permits to obtain a composite material
that retains its mechanical properties but shows the surface properties of the organic layer. The grafted layer imparts
properties like: wetting, adhesion, dispersion, chemical sensing, resistance against corrosion, catalytic activity,

controlled cell adhesion etc.
Anticorrosive
Good adhesion

Water barrier




Why surface modification is important for electrochemical sensors?

ELECTROCHEMICAL SENSORS

Analyte Receptor Transducer

Targeted micropollutant

+ ELECTRODE MATERIAL
° FUNCTIONALIZED WITH A SELECTIVE ELECTROCHIMISRTY
+ LAYER

+ Amperometry

S F

The performances of the sensor device rest primarily on the ability of the active surface to specifically and selectively
recognize the target species. Chemically modified electrodes present the advantage that sensitivity and selectivity can
be regulated by the incorporation of a convenient functional group onto the electrode surface. A metal ion can interact
through the amino groups, the amide nitrogen and/or the carboxylic group present or other ligands.

Long term stability and reusability are also important issues and depend on the surface and interface chemical
strategies followed to construct the sensing layer.

Control over the stability of the active layer usually requires covalent attachment to the transducer while this active

layer must be able to suppress or limit non-specific recognition of interferents.



Electrografting refers to the electrochemical reaction that permits organic layers to be attached to solid conducting

substrates.

These methods are interesting as they provide a real bond between the surface and the organic layer. Electrografting
applies to a variety of substrates including carbon, metals and their oxides, but also dielectrics such as polymers.

Since the 1980s several methods have been developed, either by reduction or oxidation, and some of them have

reached an industrial stage.

Amine
Carboxylate
Alcohol

S |+ Grignard
Vinylic
Diazonium
Onium
Alkyl halide

Electrochemical grafting

Echem

Oxidation
E—

Echem
Reduction

S — carbon, metals including coinage metals, Semiconductors, Polymers

Pinson et al. Chem Soc. Rev. 2011, 40, 3995.



Comparison of the stability of the bond between substrate and organic layer

Langmuir- Self-Assembled Si-C and Si-O Carbon-Carbor

Layer Type Blodgett Monolayer R

Bond Energy <0.5eV ~1.9 eV 3.5-4 eV

The substrate-organic molecule bond can vary from very weak to very strong (as strong as C-C bonds) and
covalent grafting provides much more stable films over temperature and potential excursions and for post
modification reactions when some times are needed quite harsh conditions.

McCreery et al. Advanced Materials 2009, 21, 4303



ELECTROGRAFTING OF AMINES
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Electrochemical Characterization
of the grafted layer from
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CHARACTERIZATION SURFACE ANALYSIS METHODS

XPS (X-Ray Photoelectron Spectroscopy)

IRRAS (Infra Red Reflection Absorption Spectroscopy)

ATR IR (Attenuated Transmission Reflection Infra Red Spectroscopy)
TofSIMS (Time of flight Secondary lon Mass Spectrometry)

AFM (Atomic Force Microscopy)

STM (Scanning Tunneling Microscopy)

RBS (Rutherford Back Scattering)

SEM (Scanning Electronic Microscopy)

TEM (Transmission Electronic Microscopy)
etc.



XPS characterization of the grafted layer — Formation of metal — N bond
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IRRAS characterisation of the grafted layer
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IRRAS spectra of Pt modified with a) -NHCH,C,H,NO, and b) -NDCHDC,H,NO, groups

Pinson et al. Langmuir, 2004, 20, 8243.



Grafting ND,CH,C,H,NO,
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Electrografting reaction mechanism

Starting from —=ND, one
obtains CD-ND grafted layer

O~ ,.0
N O L0
N
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N—D D—
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D

Pinson et al. Langmuir, 2004, 20, 8243.

The grafting mechanism of aliphatic amines is established by using
deuterated amino derivatives. They showed that the radical obtained after the
deprotonation reacted with the electrode surface. After the oxidation of the
deuterated primary amine and the formation of the radical cation, the o C
atom was deprotonated to form a carbon-centered radical; an equilibrium
shift then produces the corresponding aminyl radical which binds to the

substrate surface.

-+ + .
HRCHENHE = HRCHENHE = URCHNH2
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Use of alkylamine grafted layer for lead ion detection
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1

The covalent immobilization of cyclam on the carbon fibres
allowed the use of the modified electrode in a flow analytical
system. The flow sensor exhibited high sensitivity toward lead
with a limit of detection of 2.5x 108 mol/L.

Cyclam:1,4,8,11-tetraazacyclotetradecane
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Fig. 9. Voltammograms of Pb2+ trapped on a graphite
felt electrode after a preconcentration with a 2.5x10®
M lead solution. LSSV analysis was performed in a 0.1
M aqueous solution of LiClO4 (reduction at - 1 VSCE for
5 min and then the potential was varied from - 1 to -
0.4 VSCE). Scan rate: 0.1 V/s.

R. Nasraoui et al. / Journal of Electroanalytical Chemistry 638 (2010) 9-14



Electrografting and Langmuir-Blodgett: Covalently Bound
Nanometer-Thick Ordered Films on Graphite

L .I L

ODA: Octadecylamine

WE WE

Ref ( CE Ref t [ CE

g VI NE NS B ool mexx

1 = Compression of the film 21
l C18H37
=1 ODA _
NH, 2 = Transfer and Electrografting (we
—@=— Au = C ;H,,-NH-Au Ref CE
Au-ODA
Au on Si

Pinson et al. Langmuir 2021, 37, 43, 12539



IRRASs spectrum of ODA grafted layer identical to Thiol SAMs on Au
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ELECTROCHEMICAL OXIDATION OF CARBOXYLATES
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Figure 1. Repetitive cyclic voltammety of 1 in acetonitrile + 0.1 M n-
Bu4N(PF6) at a glassy carbon electrode. Scan rate: 0.2 V/s. The

solution is agitated between each of the successive cycles.
Saveant et al. J. Am. Chem. Soc. 1997, 119, 4292.



ELECTROCHEMICAL OXIDATION OF CARBOXYLATES

Reaction mechanism

Kolbe reaction _« — -(R
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Direct cathodic electrografting of vinylic polymers
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Fig. Electrochemical set-up and voltammogram typical of the electrografting of acrylates.

The conducting substrate to be coated must be cathodically polarized in an oxygen- and water-free
solution of the monomer and a conducting-salt in an organic solvent, under a dry and inert atmosphere.

Lécayon et al. Chem. Phys. Lett., 1982, 91, 506.



Mechanism of the electroreductive grafting of vinylics
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However, Cathodic Electrografting
(CE) suffers from several drawbacks
which obviously limit its practical
use, particularly in industrial
conditions: due to its anionic
mechanism, CE requires strictly
anhydrous conditions.

The applied potential is highly
cathodic (around -2.5 V/ Ag+/Ag),
which might be detrimental for
substituted monomers bearing
fragile groups.
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Modification of Gold surface with PAA and its use for Cu ion removal
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Viel et al. Electrochimica Acta 54 (2009) 6089-6093



Transmittance

Modification of Gold surface with PAA and its use for Cu ion removal
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Fig. 7. Treatment progress of copper ions from the PAA film upon local electrochemical
acidification, (a) initial situation, (b) complexation with Cu?*ions 64 mg/L, (c) partial release of
copper ions, and (d) complete release of copper ions.

Viel et al. Electrochimica Acta 54 (2009) 6089-6093



ELECTROGRAFTING OF IODONIUM SALTS
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Figure 1. Cyclic voltammograms of 2 mM 4 in 0.1 M BuaNBF4/

MeCN recorded at a freshly polished glassy carbon electrode at
a sweep rate of 0.2 V s-1; sweep no. 1 (a), 2 (b), 3 (c), 4 (d), 5
(e), and after potentiostatic electrolysis at Ep,c - 0.2 V for 300 s
(f). The solution was stirred between cycles.

Scheme. Investigated Diaryliodonium Salts

Daasbjerg et al. Langmuir 2007, 23, 3786-3793



Mechanism of the reaction
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Scheme. Electrochemical Cleavage Reactions of Diaryliodonium Salts (Y ) X or H)



Direct grafting of alkyl halides by electrochemistry
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The grafting of alkyl halides takes place at very negative potentials
which limits the use of this reaction.
Is it possible to achieve the same reaction at more convenient potentials?

Chehimi, M. M., Matrab, T., Pinson J. and Podvorica, F. J.Phys. Chem. C 2008, 112, 18559.



Direct grafting of aryl halides by electrochemistry

Electrochemical
grafting

Fig. Cyclic voltammograms (CV) recorded at a GC electrode usingv=0.1V s-1on 2 mM
iodobenzene in 0.1 M BuaNBF4/MeCN

Daasbjerg et al. Langmuir 2017, 33, 3217-3222



Mechanism of the reaction

radical chemistry
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Surface modification by reduction of aryl dlazonlum salts
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The disappearance of the peak on the 2° scan is
characteristic of electrografting of Aryl Diazoniums

Pinson et al., J of Am Chem Soc 1992, 114, 5883 — 5884.

Pinson, Podvorica Chem. Soc. Rev. 2005, 34, 429.



Diazoniums salts are grafted at massive and nanometer size electrodes

'.D*Q
— sample matrix

<>'<>v (blood, urine, salvia,...)

—* recognition domain

(proteins, enzymes,
antibodies, DNA, RNA, ..))

—signal transduction
(electrochemical, optical ...)

(R =H, COOH, NH2, SH, PEG, biomolecules, AuNPs, graphene oxides, carbon nanotubes, etc.) ‘

Transducers <

bulky electrode surfaces nanomaterial modlﬁed bulky electrode surfaces Nanoparticles
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screen prmted e
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Advantages over other surface coupling agents

Easily synthetized (isolated or not), rapid reaction time scale (second to minute), various choices of reactive
functional groups, compatibility with wide range of materials, and strong aryl-surface covalent bonding. Therefore
Diazonium Salts are considered as EXCELLENT COUPLING AGENTS due to the stability of the grafted layer and the
versatility of substituents that are attached to the benzene ring.

Disadvantages: Multilayered disordered films that unable precise control over the surface composition and surface
morphology Cao, C. et al. ACS Appl. Mater. Interfaces 2017, 9, 5031-5049



Grafting of different substrate surfaces = A T b)
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Figure 2. Cyclic voltammograms of modified metallic surfaces: (a) anthryl groups bonded to zinc, ZnAn; (b) nitrophenyl groups
bonded to zinc, ZnNOy; () anthraquinone groups bonded to copper, CuAQ; (d) nitrophenyl groups bonded to copper, CuNOz; (e}
nitrophenyl groups bonded to gold, AuNOz; (f) nitrophenyl groups bonded to nickel, NINO; (g) nitrophenyl groups bonded to
platinum: PANO2; and (h) nitrophenyl groups bonded to cobalt, CoNO;.

F. Podvorica et al, American Patent; US Pat. 427212000, 2005.



The parameters controlling the thickness of the layer obtained by
electrochemical or spontaneous reduction of diazonium salts

- Concentration of the solution of the diazonium salts

- Potential of electrolysis

- Time of electrolysis, Immersion time
- Nature of the diazonium salt and of the substrate

- Steric hindrance of the radical

Podvorica et al. Book chapter. Eds., Electroanalytical Chemistry; 26 CRC Press: 2016.



Steric effects

No steric hindrance - Formation of Micrometric PolyPhenylene layer
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No steric hindrance- - Formation of Micrometric PolyPhenylene layer

Profilometry TofSIMS
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Effect of the steric hindrance of aryl radicals on the grafting-monolayer formation

‘ Acgi - I_{
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S = Cu, Au, SiH, HOPG and graphene
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a) 1% b) 2"9; ¢) 5t and d) 10t scan.

Table 1. Modification of Surfaces by 1 by Chronocamperometry®

substrate tima (s} E (Vigugo) layar thickness (nm)
Cu 30 —1.2 1.3, 0=10.6
Au 300 —14 1.0, =03
SiH 150 —0.5 1.6, 0=10.1

“1]= 4 mM in ACN + 0.1 M NBu;BF,.

Podvorica et al JACS, 2008, 130, 8576.



STM and Raman Spectroscopy characterization of 3,5-bis-t-butylphenyl mono layer
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Effect of the steric hindrance of aryl radicals on the grafting

Electrochemical grafting of Triisopropylsilyl (TIPS)-protected ethynyl aryldiazonium salt
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Use of calixarenes bearing diazonium groups for the development of robust monolayers

R R
an
H\D\':' ;EKH MaMOs HCLIt R 1“.:. Hﬂ}q MaDH (0.1M) kY n)ﬂ

L d e b l; ar reducing agen
ﬁ::iﬂ-ni'n

it,<2h

/ \ i Y
HzN I|L|, NH, N 'L *hy
HayM Wide ramge of surfaces Ms
Calix[4]arens Calix[4]arens

bt Eann | e teiradiazonium salt

Au or Ge

Lagrost et al. Org. Biomol. Chem., 2020,18, 3624-3637



The use of functional group as initiators of SI-ATRP

(Surface Initiated Atom Transfer Radical Polymerization)

CH;
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Aryl layer

Matyjaszewski et al. Nature Chemistry 2009

Chehimi et al. Langmuir 2005; Daasbjerg et al. Langmuir 2010;



ATRP initiated via active surface diazonium groups
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Podvorica et al, Chemistrv of Materials, 2013, 25, 605 - 612
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Use of 3,5-dicarboxybenzene diazonium salt for Pb?* ion detection
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5 min in CH;COONH,
+ Pb(ll)

STEP3:
ELECTROCHEMICAL
DETECTION
Pb(0) 2 e =2 Pb(ll)
SWV in CH,COONH,

Bouden et al., Electrochem.
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STEP 2 :

ELECTRODEPOSITION

Pb(1l) = Pb(0) +2¢ .

CA-1.4V/réf t=5s
in CH,COONH,

STEP4:
REGENERATION
Ultrasonication 1 min
in H,S0, (pH 1)

Com., 41 (2014) 68.



ELABORATION OF NANOSTRUCTURED SPE BASED ON DIAZONIUM SALTS ELECTROCHEMICAL GRAFTING

2 steps functonalization by aza 18-crown-6 ether A —

0.70 -

OH OH

5/ m—p

Chronocoulommetry E(V]
-0.7 V/ECSm & (A) SW voltammograms obtained
during 300 s , using SPE-Ph-AuNPs-COOH

05 04 03 0.2

o™ B 0.14
O 0-»1 y=0.0041x +0.0145
012 - R*=0.9925
o

Aza 18-Cr6wn-6 (2] 01 -

g 008 -
Peptidic coupling £ oos |
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002 - _ K2k y=0.0032x - 0.0006
...E‘-‘.. R*=09873
[1] S. Bouden et al. Electrochem. Commun. 2014, 41, 68. ’ o s 10 15 20 25 30

[PE{1)] (x10-*na)

[2] X. Wang et al. Sens. Actuators, B 2014, 193, 413.
Calibration curves obtained using SPE-Ph-AuNPs-COOH (black)

or SPE-COOH (grey) for Pb (IlI) in CH3COONH4 (0.1 M)
2.510-9,510-9, 7.5 10-9,1010-9, 25 10-9 M

Cannizzo et al. Electrochimica Acta, 2014, 133, pp. 467/-474



Detection of Pb(II) in the presence of a 100 fold excess of other metals:

Relative intensity of the Pb(II) signal
Ip/Ip,

160

140
120

100
80
60
40
20
0 ||
Cd

Pb Cu Hg Co Fe Mn Zn Ni

Pb(II) 107 mol.L?
Accumulation time: 10mn
Ammonium acetate 0.1 M, pH 7.

SW-ASV: Deposition Potential -0.75 V for 5 s ;
pulse amplitude 25 mV, AV 4 mV.s1, freq. 25 Hz.
Ammonium acetate 0.1 M, pH 7.

mp Interference of Cu(Il), Fe(II)

H°: Formation of a sandwich complex
between 2 ligands and a metal ion.



Use of grafted layer for simultaneous detection of Cd and Pb ions

(0]
NH, N=N Hs/\'ﬁ‘\ori
X Hol = b
| o NaNO , I P
1) COOH COOH 1) EDC, Sulfo-NHS
et 2o :
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4-Aminobenzene carboxylic acid ¢ = y 4
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¥ Hl
I/ NaNO ,
1) NO, NO, HCI Cys
= L —
2)Cv cv EDC, Sulfo-NHS
para-Nitroaniline . 2 =
(PNA) (PNA)Cys-SPCNFE

C. Perez-Rafols et al. / Electrochimica Acta 319 (2019) 878 884



Simultaneous Pb(ll) and Cd(ll) calibration curves were performed at the optimal experimental
conditions from 1 to 150 ug/L using both (ABA)Cys-SPCNFE and (PNA)Cys-SPCNFE.

Ry =0.999

oo
A

da 8 R?, = 0.998
8™ J 12 -

6 N -~

Ry = 0.999
2 10 4
4 4 _~

- -

2 - - ;." = 8 M

-

-

-
A

A Ry = 1.000

» e

L

Area (107 a.u.)

» -
-
-
&

) = —
0 30 60 90 120 150
c(pugl?)

P
0 30 60 90 120 150
¢ (ugl?)

0
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Fig. Two separate and well-defined peaks were obtained for both considered metal ions. Similar shapes
and intensities were obtained for Cd(ll) using both sensors whereas in the case of Pb(ll) a more gaussian-
shaped peak with higher intensities was observed using (PNA)Cys-SPCNFE.

C. Perez-Rafols et al. / Electrochimica Acta 319 (2019) 878 €884
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Grafting of the aryl radical can be blocked
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e

s + NEN@ t —s g J no attachment
-0.2V

- 2,6-DMBD N
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12t

J16 +

-20 } } } } } } } } |
-07 D6 D5 -04 03 020 -0 0 0.1 0.2

E/ViIAg/Ag(Cl
Au + 2,6-DMBD

Cu displacement (A) 0.63
Bonding energy (eV) 0.52
> 50 % lower than for the
phenyl radical

thickness not measurable by ellipsometry
no IRRAS signal

Podvorica et al. Langmuir, 2009,25, 286



INITIAL ATTACK OF THE RADICAL on the SURFACE
is VERY SENSITIVE to STERIC HINDRANCE

TWO BULKY t-Bu GROUPS ARE NECESSARY to LIMIT THE
GROWTH of the LAYER To a MONOLAYER

catbon or metal

+e NEN@ +e | N=EN- TE NEN@

m Dﬂﬂlﬁ er multil ayer

carbon or metal

no grafting

The relation between molecular structure and film morphology
By careful selection of diazonium reagents one can obtain attached films
with different structure and morphology

Podvorica et al. Langmuir, 2009,25, 286



Indirect Electrografting of Alkyl Halides
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Podvorica et al. Langmuir 2014, 30, 13907
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Indirect grafting of aryl iodides by diverting the reactivity of aryl

radicals derived from 2,6-DMBD
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5-lodo-2-aminopyridine.

This method permits a gain of potential > 2V compared to their direct electrografting.

The grafting of some aminopyridines is much easier via their iodo derivative than from

their diazonium salt.

Combellas, C., Kanoufi, F., Pinson, J and Podvorica, F.I. Electrochem Comm 2019, 98, 119-123.



Indirect grafting of RBr by diverting the reactivity of aryl

radicals derived from 2,6-DMBD

Post-modification of grafted alkyl layers from R-Br
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au g ivvi
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Surf. conc.: I = 5+0.2 x x101° mol/cm?

Podvorica et al. Langmuir, 2016, 32, 6335.



Indirect grafting of RBr by diverting the reactivity of aryl

radicals derived from 2,6-DMBD

Layer-by-layer formation on grafted alkyl layers
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D. Hetemi, J. Médard, P. Decorse, C. Combellas, F. Kanoufi, J. Pinson and F. |. Podvorica, Langmuir, 2016, 32, 6335.
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Indirect electrografting of polymers via diazonium salts

(a)

o .
0 guaternary ammonium NR," +le¢ —===— NR;+R
T ) . )
14 ’ H,C=CR, *le& ——==— H,C CR,
24 PV o R
1 @ diazonium reduction R
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£ 41 v
= ) (© +N,
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-6 4
7 ;(b) —— nitro reduction
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Figure Cyclic voltammetry in acetonitrile
(a) tetraethyl ammonium perchlorate TEAP (5.102 M), TEAP + vinylic monomer
(b) and (c) nitrobenzene diazonium tetrafluoroborate NBDT (10* M). v=50 mV s™.

Deniau et al. Aryl Diazonium Salts, Wiley 2012



Surface Electroinitiated Emulsion Polymerization (SEEP)

Cathodic . . Sulfuric acid
current Digzonium (pH < 2)

—o— Monomer
droplets

o

Butyl methacrylate

—

’ Free surfactant
Small fraction of P
monomer Na*t "0——8——0C;Hys
soluble in water |

Working —
electrode
(metallic
substrate):
Au

Sodium Dodecyl sulfate

Scheme Composition of the initial miniemulsion system in the electrochemical cell

Deniau et al. Chem. Mater.2009,21,426



Simplified film structure

15 nm 100 nm
poiincprenyisne | povBUImERaGYAE |
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Mechanism of electrografting by SEEP
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;—Ar-Ar-Ar +-PolyBuma—An-PolyBuma—H

Deniau et al. Aryl Diazonium Salts, Wiley 2012
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Figure. Divers monomer structures used for SEEP

Unsubstituted acrylates and methyl acrylates (ester and amide derived) showed
excellent generality with thick surface bound-polymer films being generated in situ

Pinson et al. Langmuir 2020, 36, 7217-7226



Direct polymer grafting via Diazonium salts
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Podvorica et al. Appl. Surf. Science 2023, 619, 156671



CONCLUSION

Strongly Electro -Grafted films of various organic molecules onto different substrates either by oxidation

or reduction

Very easy to implement (only a conventional potentiostat)

Rapidity, simplicity, absence of catalyst, control of the film thickness

Aryl diazonium salts apart the formation of strongly attached organic films are used as coupling agents

for further postmodification of the receptor surface.

Many applications in environmental sensing
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