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Foreword 

Dear reader, 

Before we slip into the serious world of science, I would like to bring you back 
into the past for a couple of minutes. Do you reminisce of “Once Upon a Time… 
Life”? You know, this 80’s educative animated series with characters living in our 
bodies and riding through our veins? I’m pretty sure you do! But did you ever 
wonder what would happen to them in case of a road fatality, or of a collapsed 
tunnel? This phenomenon, commonly known as clot, may have serious consequences 
and lead to a stroke or a heart attack. But don’t worry, there’s a solution! Scientists 
developed a metallic resort-like material called “stent”, which will act as an intern 
tunnel and reinforce the failing structure. One of the most promising material in 
this context is a nickel/titanium alloy that will behave like a rubber band to adapt 
the exact shape of the vessel. Because obviously, a vessel is more flexible than a 
road, so should be our brace! 

That’s all well and good, but this already exists! And as you can imagine, all 
is not yet rosy. We still have two issues to face. First, like for every road, we have 
to ensure its maintenance and prevent it from deterioration. We have to admit 
Belgians are not very talented for this, but in the human body, the smallest rubble 
might have strong adverse effects. We thus need to be very cautious! The second 
issue we have to face relies on the fact that such structure has been optimized for 
vehicles, but on the road, there are also many pedestrians. Wouldn’t it be a shame 
after so much efforts that one of them stumbles over a mesh, falls, and creates a 
new congestion? That would be completely counterproductive! 

That is where I come in with my thesis, the aim of which is to bring small 
molecules (called monomers) together and to weave them into a carpet that we will 
call “polymer”. This carpet should protect the structure from any damage, permit 
unobstructed movements of the little buddies, as well as blend the framework in its 
brand-new environment (Don’t you find a decorated room nicer than a cold metallic 
cage? I do think so…). I know some of you might be sceptical, and ready to tell me 
“Okay, a carpet is nice, but that picks up dust and can be tricky to clean!”, and 
you would be right! But what if I tell you that instead of dust, we could impregnate 
the carpet with drugs, ready to heal to patient directly after the surgery, and right 
on the spot? Wouldn’t that be great? I hope that this manuscript will convince you, 
because after all, like in all good stories, our characters also deserve to live happily 
(and healthy) ever after… 

 

Adapted from the speech presented on MT180 2017 (Namur) 
https://www.youtube.com/watch?v=KM6I2QASJr 
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Abstract: 

Over the last decade Nitinol (NiTi) has become very appealing owing to its 
attractive properties (good impact and heat resistance, high fatigue strength, low 
density, ...). Nowadays, it is commonly used as a support material for the treatment 
of cardiovascular disease where it is used as a stent. However, its implementation 
in the biomedical fields is still hampered by nickel inclusions, making this alloy 
sensitive to pitting corrosion and leading therefore to the release of carcinogenic 
Ni2+ ions. 

The present thesis is devoted to the improvement of NiTi properties. The main 
objectives are to increase the material corrosion resistance, its biocompatibility, as 
well as its hydrophilicity to prevent the adhesion of fat and proteins on its surface. 
In this context, three steps are considered and investigated: (a) the hydrothermal 
reinforcement of Nitinol native oxide layer; (b) the elaboration of an organic mon-
olayers containing polymerization moieties; and (c) the subsequent growth of a 
biocompatible layer. More specifically, the electro-assisted elaboration of self-as-
sembled monolayers (SAM) is proven to allow fast preparation of protective coat-
ings in mild conditions while preventing degradation of sensitive molecules such as 
the ATRP initiating sites. However, the steric hindrance of ATRP initiating sites 
interferes with the formation of ordered and compact SAMs, leading to a bad rein-
forcement of the metal surface corrosion resistance. To face this issue, the elabora-
tion of alternative initiating layers, i.e. mixed- or bisphosphonic-made monolayers, 
are investigated. Finally, the behaviour of modified Nitinol plates in human blood 
plasma simulated fluid, and its ability to grow endothelial cells are investigated. 
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General introduction 

Although the strategies presented in the present work can be used to tune 
various materials with a broad field of applications, it was mainly elaborated within 
the context of cardiovascular applications. Indeed, cardiovascular diseases are now-
adays the leading cause of mortality worldwide with ~45% of deaths by non-com-
municable disease, affecting in average 40% of men and 49% of women.  

Among the existing solutions to face coronary artery disease, the use of metallic 
drug eluting stents has been proven to be of interest for the long-term treatment of 
obstructed vessels. To ensure their efficient deployment and prevent them from 
recoil, current stents are manufactured using shape memory alloys, such as Nitinol 
made of nickel and titanium. However, the implementation of such material in the 
human body can still hampered by the nickel inclusions present at the surface, 
making it sensitive to pitting corrosion and leading therefore to the release of car-
cinogenic Ni2+ ions. 

The present work is thus devoted to the improvement of NiTi properties 
through the multi-step elaboration of a biocompatible organic coating on its surface 
with the purpose of increasing its corrosion resistance, its biocompatibility, as well 
as its hydrophilicity to prevent the adhesion of fat and proteins on its surface. With 
this purpose, the discussion has been structured in eight sections. 

The first chapter briefly introduces the problematic of cardiovascular diseases, 
the existing medical treatments and their limitations, as well as some key surface 
modification processes that can be used as a starting point for the successful tuning 
of Nitinol surface properties. 

The second chapter focuses on the characterization of Nitinol native oxide 
composition and its electrochemical behaviour, as well as on the effect of its hydro-
thermal treatment used as a first surface reinforcement. 

The elaboration of a protective and hydrophilic coating is then prepared by 
electrochemistry and surface-initiated atom transfer radical polymerization. The 
grafting efficiencies as well as the resulting surface properties are studied in chap-
ters 4 and 5. The coating resulting from the optimal modification conditions is 
then submitted to simulated human blood plasma and to endothelial cells growth 
to ensure its efficiency in physiological conditions (chapter 6). 

An alternative monolayer is also studied in chapter 7. Such monolayers are 
prepared with bisphosphonic acid derivatives, and their efficiency is compared to 
the conventional monophosphonic derivatives. 
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1.1 Coronary artery disease 

1.1.1. A worldwide cause of death 

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality 

worldwide,1,2 and in Belgium.3 It includes both diseases of the heart or of the blood 

vessels (e.g. heart attack) and vascular diseases of the brain (e.g. stroke).4 Among 

the different types of CVD, many are the consequence of atherosclerosis. It is the 

case of coronary artery disease (CAD - also known as ischaemic heart disease), 

cerebrovascular disease, or peripheral vascular disease.4,5 Other CVD, such as con-

genital heart disease, rheumatic heart disease, heart valve disease, or cardiac ar-

rhythmias are less common than CAD, but remains of concern.4 

CVD is the cause of over 17.3 million (~ 31 %) and 3.9 million (~ 45 %) deaths 

a year worldwide and in Europe, respectively.4,6 Among the CVDs, CAD is the 

leading cause of mortality with respectively 862 000 and 877 000 deaths (~ 20% of 

all deaths) for European men and women (Figure 1.1).6,7 However, since 1987, car-

diovascular mortality have been declining in high-income countries (47% for men 

and 44% for women in Hainaut)3 thanks to therapeutic progress and especially to 

primary prevention measures, but have highly increased in low- and middle-income 

countries.4,5,8,9 

 

Figure 1.1. Deaths by cause in Europe (based on 2017 European Cardiovascular Disease 

Statistics and World Health Organization Mortality Database).6,7 

The latest statistics about the causes of death in Belgium, European Union and 

Europe all indicate a prevalence of CAD mortality with respectively 7.5, 12.7 and 

19.7 % of all mortality causes (Table 1.1). 
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Table 1.1. Total number of deaths by cause, latest available year (based on 2017 European 

Cardiovascular Disease Statistics and World Health Organization Mortality Database).6,7 

 All causes Coronary artery dis-

ease 

Stroke Other CVDs 

Belgium 109 334 8 227 6 985 16 102 

European Union 4 970 751 632 928 426 043 789 503 

Europe 8 846 296 1 739 435 988 573 1 212 657 
 

1.1.2. From plaque inflammation to atherosclerosis 

Coronary artery disease is mainly due to atherosclerosis. The development of 

atheroma plaques, particularly thin fibrous cap atheroma (TFCA),10 in the coronary 

artery wall induces insufficient oxygen supply to the cardiac muscle. The resulting 

symptoms vary according to the degree of occlusion of the coronary arteries, ranging 

from healthy vessel to myocardial infarction or stable angina.11,12 This non-linear 

process presents 7 categories of lesions: (a) intimal thickening; (b) intimal xanthoma; 

(c) pathologic intimal thickening; (d) fibrous cap atheroma; (e) thin fibrous cap 

atheroma; (f) calcified nodule; and (g) fibrocalcific lesions (Figure 1.2).11,13,14  

 
Figure 1.2. Progression of atherosclerotic lesions leading to myocardial infarction or stable 

angina.14 

The initial phase of lesion formation can start either from intimal thickening or 

from intimal xanthoma.11,13,14 Intimal thickening (type I lesion) is the first described 

vascular change and consists in accumulation of smooth muscle cells (SMCs) in the 

intima in absence of lipid and macrophage foam cells. Intimal xanthoma (also 

known as fatty streak – type II lesion) results from luminal accumulation of foam 
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cells interspersed within SMCs. This lesion appears without any necrotic core or 

fibrous cap and has been proven to be a reversible process with the possibility of 

regression in humans.13,15 

The first progressive lesion is known as pathological intimal thickening (type 

III lesion) and directly results from intimal thickening. This lesion corresponds to 

aggregation of SMCs in a proteoglycan/collagen matrix, areas of extracellular lipid 

accumulation without necrosis and accumulation of macrophages on the luminal of 

the plaque. In case of acellular necrotic core apparition, this lesion evolves into 

fibrous cap atheroma (type IV lesion). This well-formed necrotic core is made up 

of cellular debris and is covered by a thick fibrous cap consisting in SMCs in the 

same proteoglycan/collagen matrix. Pathological intimal thickening and fibrous cap 

are both the starting point of plaque erosion, i.e. an acute thrombus rich in SMCs 

and proteoglycan matrix in direct contact with the intima, but with no structural 

defect beyond the endothelial injury. Atherosclerosis erosion can thus lead to either 

asymptomatic healing or evolve into lumen thrombosis and myocardial infarc-

tion.11,13,14,16 

Fibrous cap atheroma may evolve into thin fibrous cap atheroma following 

infiltration of macrophages and lymphocyte inside the lesion. It is mainly made up 

of type I collagen and is characterized by either an absence of (or only a few) SMCs. 

Eruptive dense nodular calcification areas may appear within thin fibrous cap ath-

eroma. This phenomenon as generally associated with a narrowing of the lumen. 

Thin fibrous cap atheroma and calcified nodule can rupture and lead to lesion 

thrombosis and subsequent myocardial infarction.11,13,14 

The final stage of atherosclerosis process, called fibrocalcific plaque, corresponds 

to the formation of a collagen-rich plaque with large areas of calcification, few in-

flammatory cells, and a potential necrotic core. Such lesions rarely cause thrombosis, 

but can cause chronic ischemic symptoms, high stenosis and stable angina due to a 

further lumen narrowing.11,13,14 

However, all these plaques are not necessarily responsible for the symptomatol-

ogy, as some them can break without causing chest pain, but they remain markers 

of the severity of atherosclerotic disease in the patient's vascular tree, and thus 

indirectly risk factors for developing ischemic heart disease.11,12 The coronary revas-

cularization treatment is therefore reserved to lesions having a clinical translation 

(angina or myocardial infarction) and obstructing by more than 70% the luminal 

diameter of the coronary artery. This treatment is either endovascular or chemur-

gical depending on the lesion type. In the other many cases, the standard treatment 

is percutaneous angioplasty which  involves restoring a satisfactory coronary diam-

eter, by balloon swelling and/or stent placement, by introducing an arterial guide 
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(radial or femoral), under fluoroscopy and by means of injection of contrast me-

dium.17 

1.1.3. Angioplasty: a first step for the treatment of obstructed arteries 

The first treatment of coronary artery disease was introduced in 1967 by René 

Favaloro: the aortocoronary bypass first based on the use of a free saphenous vein 

autograft interposed end-to-end to the transected ends of the artery after its exci-

sion (Figure 1.3a), and later to the standard end-to-side interposition (Figure 1.3b). 

Although it was a noticeable advance in cardiology, this technique required open-

heart surgery, and was thus invasive and risky.18–20 

 
Figure 1.3. First advances in coronary artery disease treatment: end-to-end (a) and end-to-

side (b) aortocoronary bypass,18 and double-lumen catheters assembled by Grüntzig (c) after 

and before (right) inflation.20 

In 1977, Grüntzig tested a revolutionary alternative to the aortocoronary by-

pass, i.e. the first coronary angioplasty based on the peripheral angioplasty per-

formed by Dotter in 1964. Grüntzig procedure relies upon the use of a double-lumen 

balloon catheter: the first one used for balloon inflation and the second one to 

measure distal pressure (Figure 1.3c).21–23 This technique was the starting point of 

several improvements in cardiovascular treatments: Simpson et al. first included 

the introduction of over-the-wire technology to support the balloon and helps its 

guiding in 1982,24 whereas Bonzel et al. created exchangeable angioplasty systems 

which allowed the independent and rapid movement of the guide wire and balloon 

in 1986.22 

However, coronary balloon dilatation quickly exhibited limitations, i.e. arterial 

dissection due to the inflation and a rapid reocclusion of treated vessels. In this 

context, Jacques Puel and Ulrich Stigwart simultaneously implanted the first cor-

onary stents in a human in 1986 in France and Switzerland, respectively. Such 

revolutionary medical procedure, called stenting, relies on the use of a tubular me-

tallic endoprosthesis, i.e. a stent, that can be inserted into the lumen of obstructed 

vessels and arteries to keep them open and prevent from the formation of a new 

obstruction.25  



Chapter 1 

11 

 

1.2 Stents 

1.2.1. From bare metal to drug eluting stent 

Since 1986, the use of coronary bare metal stent (BMS) highly improved the 

treatment of CAD through a safer, more efficient and surgery-free procedure. Stent 

implantation present the advantages of sealing dissected tissues/plaques and avoid 

elastic recoil.22,26 However, BMSs have been proven to lead to in-stent restenosis 

(ISR), myocardial infarction and angina due to SMCs migration and proliferation. 

Early studies reported a stent thrombosis rate as high as 20% during the six first 

months of follow-up, with required revascularization.27–30 

Attempts to improve BMS performances have been achieved through design 

variations (e.g. tubular stents, coil, ring or mesh), thinner struts, use of different 

materials (e.g. cobalt, chromium, platinum, or various alloys), or elaboration of 

inorganic coatings (e.g. silicon carbide or titanium-nitride-oxide).22,30 Despite some 

of these stents exhibit better radio-opacity, deliverability and conformability or 

even lower rates of restenosis, in-stent thrombosis remains of concern with rate ~ 

15% within the 6 months follow-up.30–34  

To face those problems, research focused on the elaboration of a stent as a 

platform for antiproliferative drug delivery to prevent ISR, called drug-eluting stent 

(DES).23 These consist in a metallic stent platform covered by a polymer coating 

in which is inserted a drug, generally an antiproliferative (e.g. Sirolimus or 

Paclitaxel) or immunosuppressive agent to prevent the accumulation of anti-in-

flammatory cells, the neointima hyperplasia and the thrombus formation.23,26 How-

ever, despite they were reported to have low rates ISR and to improve vessel re-

vascularization, the first-generation DES, based on a stainless steel platform, were 

also proven to increase rates of myocardial infarction and cardiac death caused by 

late-stent thrombosis (LST) during long-term follow-up.35–38  

Next-generation DES were developed to overcome the problem of LST by ac-

celerating vessel healing, and presented several improvement compared to DES, e.g. 
strut thickness, deliverability and flexibility.39 These DESs also used new polymer 

coatings as well as new drugs derived from the previously used sirolimus, including 

everolimus and zotarolimus (Figure 1.4). Such molecules are used to cause cell-cycle 

arrest of proliferating SMCs.22,23,26,40 

In this context different stents (design and or material), polymers and drugs 

are currently being investigated to reduce the risk of ISR and major adverse cardiac 

events mainly due to stent malapposition and to the struts thickness.41 Many pro-

gress still have to be done, and the improvement of DES for the treatment of 

cardiovascular disease remains of concern. 
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Figure 1.4. Schematic representation of drug-eluting stents mode of action for the inhibi-

tion of restenosis (adapted from Stefanini et al.).26 

1.2.2. Balloon vs self-expanding stent: pros and cons 

Depending on how the deployment is effected and on the mechanical properties, 

there are two main types of stents: balloon-expandable stents (BES), mounted on 

a balloon angioplasty catheter that is inflated for its deployment, or self-expanding 

stent (SES) stents, constrained by a sheath that is progressively removed after the 

device delivery (Figure 1.5).17,22,42 

 

Figure 1.5. Steps involved is self-expanding stent deployment: insertion of a steerable wire 

(a), delivery of the undeployed stent (b), distal deployment of the stent (c), and ideal ap-

position (d).43 

Developed and used by Sigwart et al. in 1986,25 SES were first outclassed by 

BES in the field of coronary artery diseases due to its slightly worse apposition 

precision, but they nevertheless used nowadays for myocardial infarction as they 
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recently showed a lower rate of strut malappostion than SES at 3 days after per-

cutaneous coronary intervention.42,44 

SES and BES differ in many respects, as summarized in Table 1.1. The main 

difference comes from the fact that SES becomes part of the anatomy and act in 

harmony with the vessels whereas BES imply changes of their geometry.42  

Table 1.2. Comparison of balloon- and self-expanding stents (based on Duerig et al.).42 

 Balloon-expandable Self-expanding 

Manufacturing Manufactured in the crimped 

state 

Manufactured slightly over the 

vessel diameter  

Delivery Expanded to the vessel diameter 

by inflating a balloon (⇒ Plastic 

deformation) 

Crimped to a smaller diameter 

and deployment by constraint re-

moval 

Use Dominant in the much larger cor-

onary arena  

Suited to superficial locations (e.g. 

carotid and femoral arteries) 

Radial 

strength 

≡ describes the external pressure that a stent is able to withstand with-

out incurring clinically significant damage 

 Can collapse under a critical ex-

ternal pressure 

No strength limitation and elas-

tically recover 

Radial 

stiffness 
≡ how much the diameter of a stent is reduced by the application of 

external pressure (neither an advantage nor a disadvantage) 

 Stiffer (up to 3x) for identical 

stent design. 

⇒ Force the vessel to the shape of 

the stent 

Low stiffness and high radial com-

pliance  

⇒ Adapt their shape to that of 

the vessel 

Acute recoil ≡ immediate reduction in diameter observed upon deflation of a balloon 

 Recoils after balloon deflation Assist balloon inflation and no re-

coil 

Hyperplasia Indicative of a constriction of 

the vessel 

Not necessarily indicative of a 

problem  

Location Remain near the lumen Scaffold the vessel wall 

Delivery Dictated by the balloon profile  Dictated by the strut dimensions 

Placement 

accuracy 
The “gold standard” for place-

ment accuracy  

Nearly as accurate as BX systems 

Direct 

 stenting 
No pre-dilation of the vessel re-

quired 

Pre- or post-dilatation of calcified 

lesions required 
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1.2.3. Metallic stents or bioresorbable scaffolds? 

The latest development in the stent world relies on the use of bioresorbable 

scaffolds (BRS) that are designed to replace permanent rigid metal material in the 

diseased vessel by providing transient mechanical support, followed by complete 

biodegradation over several years. The concept of BRS was developed over the last 

decade and trials are still required to assess their long-term clinical benefits. The 

expected advantages of BRS vs. permanent DES include restoration of vessel anat-

omy/functionality, reduction of thrombogenic risk, and potential elimination reduc-

tion of in-scaffold neoatherosclerosis risk.23,30,45 These devices are made out of a 

polymeric (e.g. polylactic acid or salicylic acid)46–49 or metallic (e.g. magnesium or 

zinc-alloys)50–53 degradable base. So far, only five BRS have received the Conformité 

Européenne (CE) approval mark, and only one is approved in the USA by the Food 

and Drug Adminstration (FDA).22,23,30  

Despite they were reported to have non-inferiority results to DES at one-year 

follow-up compared, concerns regarding early-scaffold thrombosis, higher subacute 

thrombosis and risks of myocardial infarction merged among BRS. The underlying 

causes are not fully known yet, but several are suspected: (a) malapposition and 

scaffold discontinuity; (b) unfavourable bioresorption ; (c) lower radial strength 

and required thicker/wider struts (up to 165 µm compared to ~ 80-90 µm); (d) 

device underexpansion or (e) loss of scaffold integrity during the late resorption 

phase.22,54–56 

Although promising, the use of BRS has raised some concerns on the rate of 

scaffold-thrombosis and their long-term efficiency and clinical outcomes are still to 

be investigated and compared to DES. Advancements are still required to further 

improve BRS post-apposition behaviour, and metallic DES remains the current 

high standard for the treatment of coronary artery disease.22,23 Among the currently 

used materials, nitinol appears to be the most promising combination of DES and 

SES, and is already commercialized by many international companies such as 

Stentys (France),57 Boston Scientific (BENELUX),58 Cordis (Switzerland),59 

medicut (Germany)60 or Norman Noble (USA).61 

1.3 Nitinol: a promising shape memory alloy 

Nitinol (NiTi) is a nearly equiatomic nickel titanium alloy made of nickel and 

titanium which have been intensively investigated since its discovery by Buehler in 

the early 1960s at the Naval Ordnance Laboratory.62 The explosive interest for NiTi 

at the beginning of the century arises from its outstanding properties. Indeed, this 

nearly equiatomic alloy composed of nickel and titanium, presents highly desirable 
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intrinsic properties including heat, impact and corrosion resistance, high fatigue 

strength, super-elasticity close to that of bone63 and shape memory. 64–68 

1.3.1. Outstanding thermomechanical properties 

The thermomechanical properties of Nitinol rely on a reversible solid-state 

phase transformation between two temperature dependent stable crystal phases. At 

low temperatures (i.e. below the transition temperature), Nitinol assumes a mono-

clinic B19’ structure (martensite - Figure 1.6a), whereas at high temperature (i.e. 
above the transition temperature), it assumes a centred cubic B2 crystal lattice 

(austenite - Figure 1.6b). 

 
Figure 1.6. Representation of stable crystallographic structures of NiTi (blue = Ti, red = 

Ni): martensite (a) and austenite (b).69 

The reversible transformation between those phases, known as martensitic 

transformation, is done via an instantaneous cooperative movement of the atoms 

over short distances and without diffusion phenomenon,70 and is characterized by 

four transition temperatures: the martensite and austenite start/finish tempera-

tures (Ms/Mf and As/Af, respectively).66,70 In most compositions, As temperature 

value is comprised between 25°C and 30°C. The phase transformation between 

those temperatures during a stress is done following a hysteresis behaviour (Figure 

1.7) and is dependent on the composition and/or the processing of the material.  

 
Figure 1.7. Schematic displacement–temperature curve under constant tensile force for Ni-

tinol (adapted from Robertson et al.).71 

The structures involved in the martensitic transformation thus lead to partic-

ular properties in the material, such as pseudoplasticity, superelasticity or even 

shape memory (that is, the ability to return to its original shape after deformation, 
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if the material is subjected to suitable thermomechanical conditions).72,73 Nitinol 

can thus exhibit different mechanical behaviours depending of the temperature (i.e. 
T<Mf, T>Af, and T>Md) (Figure 1.8). Below Mf (Figure 1.8a), the material exhib-

its its martensite structure and can undergo a limited deformation. The so-formed 

deformation is not fully recovered when the stress is removed. 

 
Figure 1.8. Stress-strain curves at different temperatures: below Mf (a), above Af (b), and 

above Md (c).71 

This deformation, although of plastic appearance, can nevertheless be reversible 

at higher temperature (pseudoplasticity): during a rise in temperature, the stability 

between the crystalline phases of the inverse Nitinol, and the material exhibits its 

austenite phase. The strain begins to recover upon heating the deformed martensite 

above As
 with a complete shape recovery of the strain at Af (Figure 1.9a). The 

transition from Ms to Mf or As to Af is characterized by a two-phase mixture of 

austenite and martensite (Figure 1.9b). 

 

Figure 1.9. Schematic representation of the effects of pseudoplasticity (a/1-3) and shape 

memory (a/1-4) of Nitinol (adapted from Follador M. et al.73 and Branco M. et al.74), and 

martensite/austenite stability domains as function of the temperature T and of the stress σ 

(b).66 
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If a similar stress is applied above Af (Figure 1.8b), the material exhibits su-

perelastic properties, i.e. the stress induced transformation is followed by a strain 

recovery upon removal of the applied stress due to the concomitant transformation 

back to the austenite phase. However, upon the critical value of Md (Figure 1.18c), 

Nitinol deforms following a plastic behaviour and no more martensitic transfor-

mation is involved.71 

In addition, Nitinol also exhibits a closer similarity to biological tissue mechan-

ical response than other metals such as steels (Figure 1.10): the material undergoes 

a linear deformation proportionally to the applied stress, followed by a plateau and 

especially a return to a state close to the initial one upon the release of the strain 

whereas for conventional materials with limited elasticity the deformation is and 

irreversible.63,75 

 

Figure 1.10. Stress-strain diagram of stainless steel and Nitinol compared to human 

bones, hair and tendon.76 

1.3.2. A suitable material for biomedical applications? 

As a consequence of those properties, NiTi turned to be an “household” word 

in the biomedical field into which it is used in a wide range of applications such as 

self-expending stents, drills, surgical endoscopic instruments, tubing, atrial septal 

occlusion devices, orthodontic wires, orthopaedic staples and plates.77–80 

Nitinol corrosion resistance mainly results from the presence of a stable native 

TiO2 passivating top-layer in most environments and thermodynamically stable in 

a large pH range, as illustrated by titanium-water potential-pH diagram (Figure 

1.11a).81,82  

TiO2 oxide layer is thus an efficient barrier against dissolution and reduce the 

release of toxic Ni2+ ions.81,82 However, this layer is very thin, and Nitinol presents 
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also several nickel inclusions making it sensitive to pitting corrosion,83–85 an issue to 

take into consideration as the Ni2+ ions potentially formed during corrosion in some 

conditions (Figure 1.11b) may lead to allergenic or inflammatory reactions, breath-

ing problems or even various cancers (such as lung, kidney or liver).86–88 

(a) (b) 

 
Figure 1.11. Potential-pH diagram for the systems titanium/water (a) and nickel/water (b) 

at 25°C.89 

However, this protective film may not be efficient enough if exposed to a highly 

corrosive environment, where corrosion may induce the release of Ni2+.90 Numerous 

studies on the exposure of treated Nitinol (with reinforced oxide layer) in biological 

media such as saliva or blood have shown that the main corrosion residues are TiO2, 

and that Ni2+ concentrations are too low to affect the body.91 Nevertheless, those 

effects have not yet been precisely determined and Nitinol biocompatibility is still 

controversial today and NiTi devices still need to be treated to enhance  its surface 

protection and implant-safe conditions.90–92 

1.3.3. Nickel toxicity and carcinogenesis 

As mentioned previously, nickel and its compounds are known to have toxic 

and carcinogen effects on the human body. Even if those effects are not completely 

clear nowadays, nickel adverse effects are mainly due to: (a) the alteration of core 

histone and subsequent silencing of cell cycle control genes; (b) the substitution of 

metallic ions in metal-enzyme complexes; (3) the inhibition of enzymes and Ca2+ 

channels; but most of all (4) to genetic/epigenetic alterations of DNA; and (5) the 

induction of oxidative stress.93–99  
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1.3.3.1. Genetic and epigenetic alterations 

Nickel exposure can lead to genetic and epigenetic alteration that lead to car-

cinogenesis. On one hand, the most common genetic modifications are: (a) chromo-

somal aberrations that affect the copy number of genes and alter genetic loci; and 

(b) DNA damage and subsequent gene mutation that can promote carcinogenesis. 

On the other hand, epigenetic modifications mainly relies on: (a) microRNA alter-

ation - repression of tumor-suppressing microRNAs and overexpression of oncogenic 

microRNAs; (b) histone alteration by acetylation and methylation hypomethylation 

is a hallmark trait of cancer cells; and (c) DNA methylation – hypermethylation in 

the promoter region turns off tumor-suppressor genes whereas DNA hypomethyla-

tion is a hallmark trait of cancer cells.99,100 

1.3.3.2. Oxidative stress 

Nickel compounds are known to cause DNA damage through the promotion of 

oxidative stress and the generation of reactive oxygen species (ROS, e.g. ��•, �2
•− 

or �2�2). At low level, ROS act as signalling molecules in many physiological 

processes, and are rapidly removed from to body by defence mechanisms. However, 

at high levels, ROS can lead to DNA, protein and/or enzyme damages, thus leading 

to deregulation of metabolic and signalling pathways, to damages in diverse cell 

locations or even to potential cyto- and genotoxic effects.86,95,96,100 Among the mech-

anisms of metal-mediated free radical generation, those radicals are mostly gener-

ated via Fenton-type and Haber-Weiss-type reactions. 

In the Fenton-type reaction, the ionized transition metal is oxidized by sur-

rounding H2O2 molecules (produced, for instance, by the peroxisomes) to generate 

��• radicals (Eq. 1.1.).95,96 

 
��+ + �2�2 → � (�+1)+ + ��• + ��− (Eq. 1.1.) 

In the Haber-Weiss-type reaction, the oxidized metal ions are reduced by su-

peroxide molecules (Eq. 1.1.). Those molecules result either from the consumption 

of oxygen by phagocytes or are produced by several oxidases. The so-formed oxi-

dized metal ions can then undergo a Fenton-type reaction and produce more ��• 

radicals.95,97  

 
� (�+1)+ + �2

•−
→ ��+ + �2 (Eq. 1.2.) 

In addition, ��• radicals can also result from the complexation of Ni2+ ions 

with various proteins. The so-formed complex is followed by their deregulation, 

thus altering their ability to reduce H2O2.94,98 
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1.3.4. Tackle with alteration of Nitinol: a challenging problem 

Even with the presence of a passivation layer, its breakdown can result in lo-

calized forms of corrosion in presence of specific aggressive species and thus lead to 

various amount of metal degradation. Such corrosion process (Figure 1.12) is com-

posed of at least two partial reactions:101  

 
Figure 1.12. Schematic representation of corrosion process at the metal-electrolyte inter-

face.101 

(a) Anodic dissolution of the metal (mainly nickel): 

 � → ��+ +  �− (Eq. 1.3.) 

(b) Reduction of the oxidizing agent 

 �� +  �− → ��� (Eq. 1.4.) 

The reduction reaction highly depends on the presence of oxidizing species and 

from the pH. In neutral aerobic media, such as blood plasma, (Eq. 1.4.) thus be-

comes: 

 �

4
 �2 + �

2
 �2� +  �− →  ��− (Eq. 1.5.) 

In biomedical applications, the corrosion is not only influenced by (elec-

tro)chemical processes, but also by mechanical ones. Different corrosion modes are 

possible (Figure 1.13), e.g. for NiTi biomedical applications: (a) uniform corrosion; 

(b) pitting corrosion; (c) crevice corrosion; (d) erosion corrosion; and (e) fretting 

corrosion.82,102 

 
Figure 1.13. Schematic representation of different forms of corrosion (adapted from D.A. 

Jones).102 
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1.3.4.1. Uniform corrosion 

Uniform corrosion happens if the metal presents a homogeneous composition. 

The corrosive environment can thus equally access all parts of the metal surface, 

and the dissolution and reduction reactions thus evenly distributed on the surface 

and present similar kinetics (Figure 1.14). The distance between those reaction 

spots is infinitesimally short, and the locations of both reactions continuously and 

randomly shift across the surface.  

 
Figure 1.14. Schematic representation of uniform corrosion.101 

Uniform corrosion is the most encountered, predictable and less damaging case. 

However, local regions of corrosion usually appear and lead to localized failure of 

the passivating layer (e.g. pitting or crevice corrosions).77,101–104 

1.3.4.2. Pitting corrosion 

Pitting corrosion results from localized breakdown of the material due to surface 

heterogeneities, second-phase inclusions and/or impurities. It is characterized by a 

large ratio of the cathode area (in contact with the electrolyte) to anode area (oc-

cluded region), thus increasing the corrosion rate in those regions. Most alloys are 

susceptible of pitting corrosion, e.g. stainless steels, iron-base, nickel-base, alumin-

ium-base, and titanium-base alloys. In presence of a very protective passive layer, 

pits are usually initiated at pre-existing surface defects or as a consequence of local 

damages. Once initiated (Figure 1.15a), pits can either repassivate if the occluded 

region is cleared from corrosion products (Figure 1.15b), or grow within various 

shapes (Figure 1.15c-f) depending on initiation/propagation mechanisms.82,102,104 

 

Figure 1.15. Schematic representation of shapes of pit evolution: (a) initiation, (b) re-

passivation or (c-f) growth/propagation.104 

All halides and some other anions are known to act aggressively against passiv-

ated metals.105 In the particular case of biomedical applications, the material is 

exposed to physiological medium containing corrosive Cl- ions which are known to 

lead to high passivity breakdown. However, NiTi has been reported to have a good 
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corrosion resistance in such media as TiO2 is only susceptible of breakdown under 

high anodic potentials that are practically never encountered.82,103 However, if a 

breakdown occur on the passivating oxide layer, its repassivation is known to be 

slow and difficult.77,102–104 

1.3.4.3. Crevice corrosion 

Crevice corrosion occurs between metallic surfaces with very narrow interstices 

(typically smaller than 100 µm) where mass transport is limited, thus increasing 

the concentration in aggressive species that can lead to the breakdown of the surface 

(e.g. overlapping metals, joints, inert deposits, or poorly adhering coatings). This 

corrosion is governed by the crevice geometry, i.e. its width and/or depth.82,106,107 

Once the metal is exposed to the environment, the metallic ions concentration 

will increase close to the surface whereas the oxygen concentration will progressively 

decrease, especially in the crevice. At early stages, the OH- ions can counter the 

lowering in pH resulting from the metal ions release, and the subsequent hydrolysis 

of the metal-chloride salts (Figure 1.16a). After the oxygen from the occluded area 

is consumed, the metal continually dissolves in the crevice, thus accumulating metal 

ions and decreasing the local pH by hydrolysis (Figure 1.16b). At sufficiency low 

pH, the passivating layer is destroyed, and the corrosion can propagate into the 

metal.106,107 

 

Figure 1.16. Schematic representation of crevice corrosion at early (a) and advanced (b) 

stage.106 

Nitinol is known to be highly susceptible to crevice corrosion in chloride con-

taining environments such as physiological media. Furthermore, Trepanier et al. 
also proved that Nitinol stents are even more susceptible to this mode of corrosion 

due to the overlapping of its wires.103,108 

1.3.4.4. Erosion-corrosion 

Erosion is a concern in a high flow fluid that can physically damage the passiv-

ating layer, expose the underlying metal and accelerate its corrosion.102 When the 

flowing substances are chemically inert, erosion is a pure mechanical process, 
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whereas in the case of corrosive substances, such as blood plasma, a conjoint ero-

sion-corrosion process occur (it is generally difficult to determine the contribution 

of erosion and corrosion separately).109,110 

 Mechanism of erosion-corrosion depends on: (1) flow velocity and geometry; 

(2) environmental conditions such as pH or presence of oxygen; and (3) the nature 

of the metal/alloy, i.e. its chemical composition, its hardness, the presence of pas-

sivating layer, etc.109  

Among various alloying elements, nickel and titanium are known to form a 

tighter structure once alloyed, thus improving the material corrosion resistance.102 

1.3.4.5. Fretting corrosion 

Fretting corrosion is provided by repeated vibrating and load movements be-

tween two materials in contact. This motion abrades the material surface, thus 

exposing the underlying metal and forming oxide debris that can increase the abra-

sive phenomenon.102,109 Fretting corrosion phenomenon can be decreased by: (1) 

using appropriate lubricant; (2) increasing the hardness of the material; (3) pre-

venting from the loads movements; or (4) using a combination of materials that are 

less susceptible to slipping movements.109 

In the case of in vivo stents, Nitinol passivating layer can be damaged by fret-

ting corrosion resulting from rubbing phenomenon, and even though subsequent 

repassivation of the surface occurs, the regeneration of TiO2 layer in in vivo media 

is slow and corrosion products may be found in some adjacent tissues.82,103,108,111 In 

2006, Trepanier et al. demonstrated the impact of fretting corrosion on overlapped 

NiTi struts in physiological media, and noted a decrease of about 300 mV in pitting 

potential.103,108 

1.4 How to improve Nitinol corrosion resistance? 

In recent years, a great attention has been paid to improve Nitinol corrosion 

resistance by surface modification processes such as plasma treatment,112–114 chemi-

cal vapor deposition,115,116 hydrothermal reinforcement of the oxide layer,117,118 using 

organic self-assembled monolayers (SAMs)119–121 and surface initiation of poly-

mers.118,122,123 Combining these last two options is very attractive to modify interfa-

cial properties of metals and metal alloys such as Nitinol. Indeed, the highly ordered 

molecular assemblies of SAMs confer a reinforcement of the metal surface corrosion 

resistance as well as facilitate the introduction of initiating polymerization groups, 

while the polymer coating will bring new functionalities and physico-chemical sur-

face properties (i.e. wettability, protein adsorption resistance, increase of the bio-

compatibility and/or of the bioactivity). 
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1.4.1. Self-assembly of organophosphonic derivatives 

Over the last decades, many groups have reported the self-assembled mono-

loayers (SAMs) preparation on metals (e.g. gold,124–128 steel,129,130 titanium,128,131–133 

nickel,133–135 iron,136,137 or aluminium138–140) and alloy (e.g. Phynox,141 Nitinol,118–121 or 

some aluminium alloys142–144) surfaces through a classical approach consisting in 

immersing the metal into a reactive solution of surfactants in order to form an 

homogenous organic coating.  

SAMs are thermodynamically favoured ordered arrangement (“self-assembled”) 

of organic molecules on the surface of inorganic or inorganic solid, with a thickness 

of one molecule (“monolayers”). Organic molecules used in this purpose comprise: 

(a) an anchoring group, with characteristic affinity to the surface; (b) a spacer 

(typically an alkane chain) which plays a stabilizing role thanks to intermolecular 

interactions; and most of the time (c) a tail group which can include a chemical 

reactive moiety for post-functionalization purpose.145–147 

Depending on its nature, various organic modifiers can be used to derivatize a 

solid substrates, including: (a) thiols – commonly used for the modification of noble 

metals, and proven to be less effective in modifying metal oxides;148–150 (b) silanes – 

efficient in the modification of oxides, but sensitive to moisture and to self-conden-

sation into Si-O-Si bonds thus leading to multilayers;150–152 (c) carboxylic acids – 

suitable for oxides derivatization, but weak bonding to the surface;150,153,154 and (d) 

phosphonic acid – less prone to self-condensation (Figure 1.17).145,146,150,155 

 
Figure 1.17. Schematic representation of common anchoring group used for the preparation 

of self-assembled monolayers: (a) thiol, (b) silane, (c) carboxylic acid, and (d) phosphonic 

acid derivatives. 

Among the various useable surfactants, phosphonic acid derivatives have been 

shown to robustly graft on metal oxide surfaces through hydrolysis resistant M-O-

P bonds.128,131,156–158 Organophosphorus derivatives contain a tetracoordinate phos-

phorous atom bound to a double-bonded oxygen and two hydroxyl groups (Figure 

1.17d) and are thus able to bind to an oxide surface in a mono-, bi- or tridentate 

fashion with potential additional hydrogen bonds. In addition to the number of 

formed M-O-P bonds, phosphonic acids can graft in either a bridging (each oxygen 

binds to a different metal atom), or chelating (two or three oxygen bound the same 
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metal atom) way (Figure 1.18). However, it is still difficult to identify the prefer-

ential binding modes among all those possibilities nowadays.146,155,159   

 
Figure 1.18. Possible binding modes of phosphonic acid to a metal oxide surface: (a and b) 

monodentate, (c-d) bridging bidentate, (e) bridging tridentate, (f-g) chelating bidentate, (h) 

chelating tridentate, and (i-l) possible additional hydrogen bonding interactions.155 

Phosphonic-made SAMs can be formed in two ways depending on the Lewis 

acidic nature of the substrate. In the case of Lewis acidic oxides (Figure 1.19a-d), 

the grafting occurs by coordination of the phosphoryl group to a Lewis acidic site 

(which increase its electrophilicity), followed by a heterocondensation reaction(s) 

with surrounding hydroxyl group(s), thus leading to bi- and tridentate structures. 

In the case of weak Lewis acidic oxides (Figure 1.19e-h), heterocondensation takes 

place without any coordination between the phosphoryl group and the sur-

face.146,155,160 

 
Figure 1.19. (1) Mechanism of phosphonic acid attachment to Lewis acid metal oxides: (a) 

initial stage, (b) coordination of the phosphoryl oxygen to a surface Lewis acid site and 

heterocondensation, (c) additional heterocondensation, and (d) tridentate binding state. (2) 

Mechanism of phosphonic acid attachment to poorly Lewis acid metal oxides: (e) heterocon-

densation with a hydroxyl group, (f) second heterecondensation, (g) bidentate binding state, 

and (h) additional hydrogen bonding.155 
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Over the last decade, the elaboration of organophosphorus SAMs have been 

intensively investigated on derivatives differing in length, e.g. octadecyl-, decyl-, 

dodecyl-, or hexadecylphosphonic acids,120,122,161–163 as well as in the nature of their 

tail group, e.g. a carboxylic group or an amine.122,164,165 

The elaboration of SAMs is a very convenient approach to introduce initiating 

functionalities with the purpose of promoting polymerization from the metal sur-

faces. The functionalization of Nitinol with polymerization initiating species will be 

further discussed in chapter 4 and 5. 

1.4.2. Elaboration of polymer brushes by SI-ATRP 

Controlled radical polymerization (CRP), introduced by Szwarc in 1956,166 is a 

versatile method based on a dynamic equilibrium between growing radicals and 

dormant species that is commonly exploited for the preparation of well-defined 

polymers with potentially complex architectures, precise control of molecular 

weight (MW) and molecular weight distribution (MWD), polymer composition, and 

functionality. Unlike in classical radical polymerizations, a steady-state low concen-

tration in radicals is established by balancing the rates of activation and deactiva-

tion, thus decreasing the amount of reactive species in the solution and preventing 

irreversible chain termination reactions.167,168  

1.4.2.1. Why controlled radical polymerization? 

Even if both CRP and classical radical polymerization (RP) are based on sim-

ilar radical mechanism and can be applied to similar kind of monomers, they still 

present several important differences. In 2007, Braunecker and Matyjaszewski de-

scribed those differences and their impact on the polymerization process:169 (1) The 

participation of dormant species in CRP extend the lifetime of growing chains from 

around 1s in RP to more than 1h. However, the polymerization rate is often slower 

in CRP; (2) Radical initiation is faster in CRP than in RP, which lead to instan-

taneous growth of all chains; (3) In CRP, the proportion of dead chains is lower 

than 10% instead of 100% in RP; and (4) In RP, termination reactions usually 

occur between long chains and generate new chains, whereas in CRP all chains 

growth simultaneously and termination rate decrease with time. Together, those 

features make CRP a valuable tool for the design and elaboration of complex pol-

ymeric architectures. 

1.4.2.2. ATRP: mechanism & features 

Among the most famous CRPs, atom transfer radical polymerization (ATRP) 

is an attractive process developed in 1995 simultaneously by Matyjaszewski170 and 

Sawamoto171. It is commonly used worldwide due to the simple experimental setup, 
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its application to a broad range of monomers and solvents, and the commercial 

availability of initiators and catalysts. It is especially used for the preparation pol-

ymer coatings in the purpose of biomedical applications.167,172–174  

Mechanistically, ATRP is based on a reversible halogen transfer from a 

dormant specie (R1-X) to a ligand-stabilized transition metal complex (Mtz/Lm). 

The polymerization thus results from the homolytic cleavage of the alkyl-halogen 

bond and to formation of propagating radicals (�1
•) through the oxidation of the 

metal complex (X-Mtz+1/Lm) (Scheme 1.1). The so formed radicals can initiate the 

polymerization by addition to the double bond of monomers or react with the oxi-

dized metal complex to regenerate its dormant form. After the addition of a few 

monomers, the growing radical reacts reversibly with the oxidized metal complexes 

to re-form the corresponding dormant species and regenerate the activating complex, 

completing the catalytic cycle.167,168,174  

  
Scheme 1.1. General mechanism of ATRP (based on Matyjaszewski et al.167). 

1.4.2.3. Surface initiated ATRP: a grafting from approach 

The elaboration of polymer films on materials can be achieved following “graft-

ing from”, “grafting-onto” or “grafting-through” approaches (Figure 1.20).  

 

Figure 1.20. Schematic representation of the elaboration of polymer coatings on surfaces 

following “grafting from”, “grafting through” and “grafting onto” approaches.175 
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In the “grafting-onto” approach, the polymer is grafted to the surface of the 

material whereas in the “grafting from” and “grafting-through” approaches, the 

polymerization is performed directly onto the material after its surface functionali-

zation by the initiator, or a monomer unit, respectively.168,175 

The grafting from approach includes surface initiated ATRP (SI-ATRP - Fig-

ure 1.21) which is widely used to graft polymer from various substrates geometries 

(flat surfaces, nanoparticles, etc) and compositions (metals, alloys, oxides, polymers, 

etc) and form polymeric brushes. The efficiency of SI-ATRP relies on the uniform 

presence of polymerization on the surface, either as an inherent part of the material, 

or via an additional surface functionalization reaction (e.g. self-assembled monolay-

ers).168,176 

 

Figure 1.21. Schematic representation of “grafting from” approach used to elaborate polymer 

brushes on a nanoparticle by SI-ATRP.168 

The architecture and the properties of the polymeric brush can easily be modulated 

and adapted to the specific geometry of the material. This ability to control this 

chain topology (linear, branched, hyperbranched, and crosslinked chains) and/or 

composition is a major tool for the preparation of hybrid materials. 

So far, Jacques et al. are the only ones to prepare polymer coatings on Nitinol 

by SI-ATRP: in their work, they assess the polymerization of 2-hydroxyethyl meth-

acrylate initiated from Nitinol surface derivatized by diazonium salts.123 The present 

work will focus on SI-ATRP of 2-(dimethylamino)ethyl methacrylate and 2-meth-

acryloyloxyethyl phosphorylcholine on SAMs-covered Nitinol, which will be further 

discussed in chapters 4 and 5. 
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2.1 Aim 

The overall objectives of the thesis rely upon the controlled synthesis of a 

biocompatible and hydrophilic polymer coating on Nitinol substrates, optimized for 

biomedical applications, especially for the preparation of cardiovascular stents. 

Such coating is considered and optimized to: (1) prevent Nitinol corrosion in 

physiological medium and avoid the release of cytotoxic Ni2+ ions; (2) improve its 

biocompatibility and decrease the risks of rejection; (3) allow to rendothelialisation 

of the material; (4) prevent from restenosis; and (5) incorporate specific drugs. 

2.2 Strategies 

The scientific strategies elaborated to successfully reach those objectives are 

presented in three pathways (Figure 2.2): the thermally- and electro-assisted graft-

ing of SI-ATRP initiating layer on Nitinol and its subsequent polymerization of a 

model monomer as a proof of concept (Chapter 4); the elaboration of a biocompat-

ible film on mixed initiating monolayers (Chapter 5) and its biological effects 

(Chapter 6); and the grafting of bisphosphonic acid derivatives as an alternative to 

mixed SAMs (Chapter 7). All these treatments have been performed on priorly 

hydrothermally treated Nitinol, which is used as a first reinforcement procedure 

(Chapter 3). 

2.2.1. SI-ATRP of DMAEMA: a proof of concept 

This part is devoted to the elaboration of monomolecular SI-ATRP initiating 

layer made of 11-(2-bromoisobutyrate)-undecyl-1-phosphonic acid (BUPA, Figure 

2.1a) in mild conditions to prevent its degradation. This molecule is selected for a 

double purpose: it will act as SI-ATRP initiator as it is bearing a bromoisobutyrate 

group commonly used in ATRPs and is also expected to improve Nitinol corrosion 

resistance by forming organized layers.  

 

Figure 2.1. Chemical structures of 11-(2-bromoisobutyrate)-undecyl-1-phosphonic acid (a) 

and 2-(dimethylamino)ethyl methacrylate (b). 

In this respect and considering the long modification times usually required to 

obtain densely formed monolayers, two processes, i.e. the electro- and thermally-

assisted self-assembling of BUPA, are selected and compared to the classical im-

mersion process on Nitinol surfaces initially hydrothermally treated. 
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Figure 2.2. Schematic representation of the Nitinol surface modification strategies assessed 

in this work   
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The so-formed BUPA-covered Nitinol substrates are then used for SI-ATRP of 

2-(dimethylamino)ethyl methacrylate (DMAEMA, Figure 2.1b) as a test monomer 

to ensure the quality and the usability of the initiation layer. 

2.2.2. SI-ATRP of MPC: a further step towards biomedical 

The ATRP initiating group worn by BUPA being bulky, the use of such mole-

cule may lead to the formation of disordered and less protective layer. In order to 

improve the inhibiting behaviour of the initiating layer, this part focuses on the use 

of mixed monolayers resulting from the co-adsorption of two organophosphonic acid 

derivatives differing in length. In this respect, 1-decylphosphonic acid (C10P, Figure 

2.3a) has been selected as a spacer that can intercalate into the BUPA layer to 

increase its density and its protective effects. The influence of various BUPA/C10P 

ratios are assessed and compared. 

 
Figure 2.3. Chemical structures of 11-decylphosphonic acid (a) and 2-methacryloyloxy-

ethyl phosphorylcholine (b). 

The best condition among the so-formed layers is then used to initiate the 

surface polymerization of a biocompatible monomer, 2-methacryloyloxyethyl phos-

phorylcholine (MPC, Figure 2.3b). This poly-MPC (PMPC) coating is then finally 

submitted to corrosion tests in blood plasma simulated fluid and to endothelial cells 

growth. 

2.2.3. Use of bisphosphonic acids: an alternative to mixed SAMs 

This section investigates the grafting of short tail mono- and bisphosphonic 

acid derivatives as an alternative to mixed monolayers. For this purpose, surface 

modifications based on bisphosphonic acid derivatives have been assessed and com-

pared to a monophosphonic acid derivative. Five molecules have been selected: 

methylphosphonic acid (Figure 2.4a) (methylimino)dimethylene-bisphosphonic acid 

(Figure 2.4b) and 1-hydroxyethylidene-1,1-diphosphonic acid (Figure 2.4c)  

 
Figure 2.4. Chemical structures of methylphosphonic acid (a), dodecylphosphonic acid (b), 

(methylimino)dimethylene-bisphosphonic acid (c), (dodecylimino)dimethylene-bisphos-

phonic acid (d), and 1-hydroxyethylidene-1,1-diphosphonic acid (e).  
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2.3 Experimental section 

2.3.1. Pre-treatment of Nitinol plates 

Nitinol (Ni 56% / Ti 44%) rectangular-shaped plates (20 mm × 10 mm × 0.3 

mm), purchased from AMF, are mechanically polished (Buehler Ecomet 300 instru-

ment) down to 0.1 µm roughness on silicon carbide papers using diamond pastes (9 

µm) (Struers), a mixture of colloidal silica (Buehler MasterMetTM 2) and H2O2 

(Acros Organics, 35 wt.% solution in water).  

Nitinol substrates are cleaned in denatured ethanol under ultrasonication for 

15 min, blown dried with nitrogen and stored under nitrogen. Such samples are 

referred to as Bare in the sequel, whereas the samples submitted to a 1 h treatment 

in boiling water are called HT. 

2.3.2. Substrates characterization 

The modified substrates are characterized by X-ray photoelectron spectroscopy 

(XPS), polarization modulation-infrared reflection-absorption spectroscopy (PM-

IRRAS), static water contact angle measurements (WCA), cyclic voltammetry 

(CV), linear sweep (LSV) voltammetry, scanning electrochemical microscopy 

(SECM) and electrochemical impedance spectroscopy (EIS). To assess the repro-

ducibility of experiments, all analyses are performed in triplicate. In the case of 

XPS characterizations, each sample is analyzed at three different locations. 

XPS spectra are recorded on a Thermo Scientific K-Alpha spectrometer with a 

monochromatized X-ray Kα radiation (1486.6 eV), the photoelectrons are collected 

at 0° with respect to the surface normal and detected with a hemispherical analyzer. 

The X-ray source spot size on the sample is 200 μm. The analyzer is operated with 

200 eV and 50 eV as pass energy for the survey and the high-resolution core levels 

spectra, respectively. The core levels binding energy (BE) are calibrated with re-

spect to the C1s BE set at 285.0 eV. Spectra are analyzed using a linear combina-

tion of Gaussian and Lorentzian curves in a 70/30 ratio. The peak areas are meas-

ured on core levels spectra. Quantitative XPS analyses are carried out by calculat-

ing the relevant abundance ratios on the basis of the core levels spectra and taking 

into account the corresponding Scofield sensitivity factors:1 C1s 1.000, O1s 2.930, 

P2p 1.920, N1s 1.800, Ti2p 7.910 and Ni2p 22.180. Thickness of the formed coatings 

are estimated from the collected XPS data.  

The thickness of a first material (i.e. SAM) deposited on a bulk material (i.e. 

NiTi) can be obtained from the relative attenuation of this bulk material (here 

limited to Ti), by the formula: 
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 ������,0 = ��	(− ������,�� sin �) (Eq. 2.1.) 

where ITi/ITi,0 is the ratio of the bulk element peak intensities (modified/bare 

surface), dSAM the coating thickness, λTi,SAM the bulk Ti photoelectrons mean free 

path through the SAM layer, and θ the takeoff angle (here θ=90°). 

Depth profile analyses of the oxidized layers are performed by sputtering an 

area of 1 mm * 1 mm using an Ar+ ion beam with an energy of 0.5 or 2 keV. The 

depth profiles results from the combination of 20 levels of 1 s sputtering followed 

by 10 levels of 5 s sputtering.  

PM-IRRAS data are collected to assess the presence of the organic layer on 

Nitinol surfaces. They are recorded on a Bruker PMA37 equipped with a liquid 

nitrogen cooled mercury-cadmium-telluride (MCT) detector and a germanium crys-

tal. All presented spectra are the average of 1024 scans at a resolution of 4 cm-1. 

Static water contact angles are measured using a DIGIDROP (GBX Surface 

Technology) goniometer at room temperature and ambient atmosphere, with a sy-

ringe to deliver 2 µL milli-Q water droplets. 

Voltammetry measurements (CV and LSV) are carried out on a Princeton 

Applied Research, Potentiostat/Galvanostat Model Versastat 3-LC using a three-

electrodes electrochemical cell with a controlled analysis spot surface (0.28 cm2) on 

the sample. Nitinol substrates (bare or modified) are used as working electrode, a 

platinum foil as counter electrode and a saturated calomel electrode (SCE) as ref-

erence. The corrosion inhibition efficiency can be determined by the formula: 

 �� = �����,0 − �����
�����,0 100 (Eq. 2.2.) 

where jcorr,0 and jcorr are the corrosion current densities of bare and modified NiTi 

substrates, respectively. 

Cyclic voltammograms are recorded from -0.10 to +0.65 V at a scan rate of 20 

mV s-1 in 0.1 M NaOH linear sweep voltammograms are recorded from 200 mV 

below OCP (measured for 1 h) to + 1.0 V at a scan rate of 1 mV/s in 0.5 M NaCl. 

The blocking factor of the coatings on NiTi (Table 2) are determined from the 

obtained anodic area (aan) by the formula: 

 �� = � !,0 − � !
� !,0 100 (Eq. 2.3.) 

where aan,0 and aan are the area of the anodic peaks for the first cycle of bare and 

modified NiTi substrates, respectively. 
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EIS measurements are carried out in the frequency range of 10 kHz to 0.1 Hz 

at an amplitude of 10 mV peak to peak. The obtained EIS data are presented in 

Nyquist representation and are fitted to the electrical equivalent circuit shown in 

Figure 2.5, where Rel, Rct and Rox are the resistances of the electrolyte, of charge 

transfer and of the oxide layer, respectively, and where Qdl and Qox are the constant 

phase element (CPE) of the electrochemical double layer and of the oxide. 

 
Figure 2.5. Electrical equivalent circuit used for the modeling of Nitinol. 

The impedance of CPE, used to replace the capacitance element in non-ideal 

cases, is defined as: 

 "#$% = 1
&(���! (Eq. 2.4.) 

where Q is a frequency-independent parameter of the CPE. Deviation of the expo-

nent (  from ideal value (=1 indicates the presence of inhomogeneity at the 

solid/electrolyte interface caused by roughness.2 

SECM is used in feedback (FB) mode on a CHI 900B Potentiostat (CH Instru-

ments) using a three-electrodes cell with a commercial Ag|AgCl reference electrode 

(CHI111, CH Instruments), a platinum foil as counter electrode and a 10 µm diam-

eter platinum microdisc ultramicroelectrode (UME) with an estimated RG ratio of 

8 as the working electrode. The sample is fixed to the bottom of the cell at open 

circuit. Analyses in the FB mode are performed in a 1 mM FcMeOH/0.1M KNO3 

aqueous solution according the following procedure: the UME is polarized at 0.40 

V vs Ag-AgCl to allow for the mass-transfer controlled oxidation of FcMeOH into 

ferriceniummethanol (FcMeOH+) and is moved down to the substrate at a rate of 

1µm s-1. The approach curve is recorded until a sharp change of the currents occurs 

at the tip, as the result of a contact between the sample and the UME. The UME 

is then withdrawn by 3 µm and the imaging measurement is performed on a 500 x 

500 µm2 area at a scan rate of 25 µm s-1. 

The amount of released nickel after immersion in physiological media is deter-

mined by ICP-OES using a Optima 8000 spectrometer (Perkin Elmer) 

The optimized molecular geometries of BUPA, C10P, C1P, HEP2 and MIP2 were 

obtained by the molecular editor Avogadro using the molecular mechanics force 

field MMFF94. 
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3.1 Introduction 

Although it is a nearly equiatomic binary alloy, NiTi native oxide layer is 

mainly made of TiO2 as its formation from Ti is thermodynamically more favorable 

than that of NiO with respective free energy of formation (∆G) values of -888.8 

and -211.7 kJ mol-1.1,2 However, Nitinol corrosion remains of concern due to some 

nickel inclusions present at the surface. Within the purpose of improving its corro-

sion resistance, several NiTi surface modification have been studied during the last 

two decades, e.g. exposure to air, wet and dry heat treatments, or (electro)chemical 

modification.2–9 

From the early 2000’s, several teams intensively investigated the corrosion re-

sistance of Nitinol native oxide as well as the impact of those processes on NiTi 

oxide thickness and corrosion resistance. Among them, it was demonstrated that 

wet and dry heat treatment on polished substrates are beneficial in a large range 

of temperatures and improve nitinol corrosion resistance by increasing its oxide 

layer thickness and decreasing the amount of nickel in the outer layer.7,9,10 This 

phenomenon is almost exclusively related to the increase in the thickness of TiO2 

resulting from the inward diffusion of O atoms and outward migration of Ni atoms 

eased by the temperatures.7,10 During hydrothermal treatment, Ni atoms can diffuse 

outward the oxide layer towards both the its external surface, thus being released 

from the material, or towards the oxide/metal interface, thus forming an underlying 

Ni-rich layer.7–10 Despite it has been proven that the passive layer tends to increase 

with the temperature, Bellini et al. recently demonstrated the partial loss of shape 

memory and superplastic properties of NiTi above 400°C.11 The hydrothermal treat-

ment of NiTi in boiling water for 1h remains of interest due to its less aggressive 

conditions. 

The aim of the present chapter is to describ not only the impact of hydrother-

mal treatment over the thickness of Nitinol oxide layer, but also the changes in its 

composition and its stability over time (up to 9 weeks) once exposed to air. The 

second part is devoted to the assessment of the electrochemical characteristics of 

both oxides by cyclic voltammetry, linear sweep voltammetry and electrochemical 

impedance spectroscopy. 

3.2 Composition of native and hydrothermally treated Nitinol 

surfaces  

The compositions of the native (Bare) and the hydrothermally treated (HT) 

NiTi oxide layers can be determined through the shape of Ti2p and Ni2p3/2 (Figure 

3.1b) XPS core spectra which result from the combination of peaks at different 
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oxidation states. In the case of Ti2p (Figure 3.1a), those peaks, at energies of 454.0 

eV (460.2 eV), 455.5 eV (461.3 eV), 456.9 eV (462.9 eV) and 458.6 eV (464.7 eV) 

corresponds respectively to Ti atoms at oxidation state 0, II, III or IV,12 whereas in 

the case of Ni2p3/2, the peaks at energies of 852.4 eV, 856.0 eV and 859.9 eV corre-

sponds respectively to Ni atoms at oxidation state 0 and I or to nickel plasmons.13 

 
Figure 3.1. Representative XPS core spectra for Ti2p (a) and Ni2p3/2 (b) components ob-

tained for Bare-NiTi and HT-NiTi. 

3.2.1. Impact of the hydrothermal treatment on NiTi oxide composition 

First of all, SEM images indicate that the morphology of Nitinol is not affected 

by the hydrothermal treatment (Figure 3.2). 

 

Figure 3.2. SEM images for Bare-NiTi and HT-NiTi (obtained in secondary electron imaging 

mode).  

The atomic ratios obtained from the XPS measurements of Bare-NiTi showed 

that the sample surface is covered by a thin oxide layer through which the metallic 

substrate is detectable. This passive layer is mainly composed of titanium oxides 

(especially TiO2 - Table 3.1) and is relatively depleted in Ni. As expected, the 

hydrothermal treatment of NiTi increases its oxide thickness and decreases the 

amount of Ni on the surface as depicted by O/NiTi and Ni/NiTi ratios (Table 3.1) 

and this oxide mainly results from the oxidation of Ti (0, II and III) to Ti (IV). 
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The water contact angles measurements made on both materials point out to an 

increased hydrophilicity of HT-NiTi compared to Bare-NiTi with values of 32.0° 

and 57.0°, respectively. This phenomenon attests the hydroxylation of the surface 

which will be an asset for the grafting of phosphonic acid derivatives. 

Table 3.1. XPS atomic ratios for Bare-NiTi and HT-NiTi before etching. 

 O/NiTi Ni/NiTi Ti4+/Ti Ti3+/Ti Ti2+/Ti Ti0/Ti 

Bare 1.33 ± 0.02 0.42 ± 0.01 0.61 ± 0.03 0.07 ± 0.01 0.06 ± 0.01 0.27 ± 0.01 

HT 2.64 ± 0.04 0.06 ± 0.01 0.91 ± 0.01 0.02 ± 0.00 0.02 ± 0.00 0.05 ± 0.01 
 

The impact of the hydrothermal treatment on the oxide layer depth can be 

assessed by etching the surface with Ar+ ions and characterized the inner layers.  

On the obtained depth profile for Bare-NiTi (Figure 3.3), it is seen that some 

carbon contaminations are present on the surface but are quickly removed. The 

oxygen concentration progressively decreases to reach a minimum value close to 0% 

around 30 s of sputtering. The titanium concentration exhibits a minimum area 

(down to 24%) between 10 s and 20 s of sputtering, which is also the region where 

the nickel concentration reaches a maximum (up to 64%) and where the oxide has 

almost disappeared. This suggest the presence of a nickel-enriched layer under the 

passive layer. Nickel and titanium then progressively reach steady-state values of 

respectively 60% and 31%, due to a preferential sputtering of Ti. This phenomenon, 

already noticed in the literature,3,10 is due to difference between Ni and Ti sputter 

yield, i.e. the number of atom ejected from the material per striking argon ion, with 

respective values of 1.098 and 0.469 at 500 eV (values determined online by a sput-

ter yield calculator14 based on the work of Matsunami et al.15). 

 
Figure 3.3. Depth profile of Bare-NiTi and HT-NiTi sputtered by Ar ions at 0.5 keV on an 

area of 1 mm2. 

After the hydrothermal treatment (HT-NiTi), the amount of O on the surface 

increase from 47% to 67%, whereas the amount of Ni decreases from 15% to 3% 

(Figure 3.3), as expected. On the corresponding depth profile, it is seen that the 

oxygen is detected until ~50 s of etching, whereas Ni only starts to be significantly 
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detected after ~20s. This corresponds to an increased thickness of the oxide layer, 

which is depleted in Ni. A nickel-enriched layer can nevertheless still be noticed, 

but deeper in the material, between 40 s and 60 s of sputtering, with a maximum 

value of 63%. 

The discrimination between oxidized and metallic Ni and Ti atoms can be fur-

ther investigated on the 3D evolution of O1s, Ti2p and Ni2p3/2 spectrum with the 

etching time (Figure 3.4). Such representation confirms the major presence of Ti0, 

as well as a very low amount of Ni within the oxide layer for the shortest etching 

times. This observation is amplified for HT-NiTi, as expected. However, the low 

amount of Ni at the surface does not allow the discrimination of the oxidized and 

metallic components. 

 

Figure 3.4. Depth evolution of oxygen (a, e), titanium (b, f) and nickel (c, g) for Bare-NiTi 

(a-c) and HT-NiTi (e-g) sputtered by Ar ions at 0.5 keV on an area of 1 mm2. 

In 1994, Viefhaus et al. presented a methodology based on Auger Electron 

Spectroscopy depth profiles to determine the location of the interface between the 

oxidized and the non-oxidized areas. They stated that the composition broadening 

at an interface obeys an error function characterized by a standard deviation σ, 

and thus the position of this interface corresponds to the duration of sputter time 

for the decrease of the signal from 84% to 16% of its constant height, as schematized 

on Figure 3.5.16 
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Figure 3.5. Schematic representation of the method used to determine the interface position 

and error limits (based on Viefhaus et al.).16  

Transposed to the XPS spectra from Figure 3.4, this methodology can be used 

on Bare-NiTi and HT-NiTi surfaces to determine the oxide/metal interface, the 

composition of the oxide layer in Ti (IV, III and II), as well as the depth of the 

nickel-containing layer (Figure 3.6).  

 
Figure 3.6. Approximated surface composition of Bare-NiTi and HT-NiTi (based on XPS 

depth profiles). 

As expected, the external surface of Bare-NiTi is mainly composed of titanium 

oxides, especially TiO2 (Table 3.1), and the oxide/metal interface is reached after 

approximately 18 s of etching, whereas the nickel-containing area is reached after 

5 s. The deeper oxide layer is mainly composed of lower oxidized Ti atoms (i.e. III 
and II), which corresponds to Ti2O3 and TiO, respectively.  

After hydrothermal treatment (HT-NiTi), the oxide thickness is increased and 

its composition is enriched in TiO2 at the surface, in Ti2O3 in the bulk but depleted 

in nickel. The oxide/metal interface is reached after 28 s of etching, which is almost 

twice longer as for Bare-NiTi, whereas the nickel containing area is only reached 

after 17 s. Those results are in line with the mechanism proposed in the literature, 

i.e. the outward diffusion of Ni and the inward diffusion of O, and are confirmed 

by the atomic ratios (Table 3.1). 
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3.2.2. Samples ageing and oxides stability  

This section focuses on the stability of Bare-NiTi and HT-NiTi in atmospheric 

conditions. In this context, the evolution of XPS atomic ratios for Bare-NiTi and 

HT-NiTi aged for up to 9 days are presented in Table 3.2 and Table 3.3, respec-

tively. Despite a small increase of O/NiTi and Ni/NiTi ratios and an increase of 

Ti4+/Ti within the first day, attributed the oxygen diffusion, Bare-NiTi does not 

seem to be affected by the exposure time, and thus quickly reaches its stable con-

formation. The same tendency can be seen for HT-NiTi but with a stabilization 

appearing after 2 days of ageing. 

 Table 3.2. XPS atomic ratios for Bare-NiTi aged from 0 (D0) to 9 days (D9). 

 O/NiTi Ni/NiTi Ti4+/Ti Ti3+/Ti Ti2+/Ti Ti0/Ti 

D0 1.33 ± 0.02 0.42 ± 0.01 0.61 ± 0.03 0.07 ± 0.01 0.06 ± 0.01 0.27 ± 0.01 

D1 1.55 ± 0.03 0.36 ± 0.02 0.70 ± 0.01 0.05 ± 0.02 0.05 ± 0.02 0.20 ± 0.03 

D2 1.52 ± 0.05 0.34 ± 0.01 0.67 ± 0.02 0.05 ± 0.00 0.05 ± 0.02 0.21 ± 0.05 

D3 1.54 ± 0.02 0.32 ± 0.01 0.72 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0.20 ± 0.04 

D9 1.82 ± 0.03 0.34 ± 0.03 0.73 ± 0.01 0.06 ± 0.01 0.06 ± 0.02 0.13 ± 0.01 

Table 3.3. XPS atomic ratios for HT-NiTi aged from 0 (D0) to 9 days (D9). 

 O/NiTi Ni/NiTi Ti4+/Ti Ti3+/Ti Ti2+/Ti Ti0/Ti 

D0 2.60 ± 0.04 0.10 ± 0.01 0.89 ± 0.01 0.02 ± 0.00 0.02 ± 0.00 0.05 ± 0.01 

D1 2.64 ± 0.02 0.05 ± 0.02 0.91 ± 0.02 0.02 ± 0.00 0.02 ± 0.02 0.07 ± 0.02 

D2 2.74 ± 0.03 0.06 ± 0.01 0.92 ± 0.03 0.02 ± 0.01 0.02 ± 0.01 0.05 ± 0.01 

D3 2.73 ± 0.03 0.05 ± 0.01 0.92 ± 0.01 0.03 ± 0.01 0.01 ± 0.00 0.04 ± 0.01 

D9 2.75 ± 0.03 0.07 ± 0.03 0.88 ± 0.04 0.02 ± 0.01 0.02 ± 0.01 0.04 ± 0.01 
 

The oxide/metal interface, the beginning on the Ni-containing layer as well as 

the oxidation states of Ti atoms in the oxide layer for aged Bare-NiTi and HT-NiTi 

have been determined following the methodology presented above (Figure 3.7). 

The composition profiles obtained for aged Bare-NiTi confirms the stability of its 

oxide over time with the oxide/metal interface detected at ~ 18 s for all substrates. 

As previously presented, this oxide layer remains mainly composed of TiO2 and 

depleted in nickel. However, a Ni-containing layer limit is still detected deeper in 

the material surface until 2 days of exposure, in a range of 5 s to 7 s of etching and 

remains stable afterwards. In contrast, the composition profiles of aged HT-NiTi 

point out to diffusion of O and Ni until 3 days of exposure. Indeed, the oxide/metal 

interface is detected after 43 s of etching instead of the initial value of 28 s and the 

required etching time to detect the Ni-containing layer falls down to ~ 26 s instead 

of 17 s. Even if HT-NiTi seems to be sensitive to the atmospheric exposure in the  
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Figure 3.7. Approximated surface composition of aged Bare-NiTi and HT-NiTi (based on 

XPS depth profiles). 
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studied range of time, the evolution of its composition is beneficial for its pas-

sivation and the reduction of nickel in its outer surface. 

3.3 Electrochemical behaviour of bare and hydrothermally 

treated Nitinol 

Electrochemical evaluation of HT-NiTi is compared to Bare-NiTi on the basis 

of four methods, i.e. cyclic voltammetry (Figure 3.8), scanning electrochemical mi-

croscopy (Figure 3.9), linear sweep voltammetry and electrochemical impedance 

spectroscopy (Figure 3.10). 

Cyclic voltammetry (CV) (Figure 3.8) confirms the reinforcement of the TiO2 

external layer. For Bare-NiTi, the first cycle (Figure 3.8a) reveals two anodic peaks 

at 200 and 500 mV vs SCE, respectively assigned to Tin+ and Ni2+ oxidations but 

only one cathodic peak assigned to Ni3+ reduction. On the second cycle (Figure 

3.8b), only nickel oxidation and reduction peaks are still present due to the 

irreversible passivation of the electrode via the titanium oxide layer. For HT-NiTi, 

only the oxidation peak of Tin+ can be observed on the first cycle and no more Ni 

reactions, even during the second cycle.  

 
Figure 3.8. Representative first (a) and second (b) cycles of the voltammograms for Bare-

NiTi and HT-NiTi in 0.1 M NaOH at a scan rate of 20 mV s-1. 

Those observations, as well as a blocking factor of 46.4% (Table 3.4) confirm 

the efficiency of the hydrothermal treatment on the reinforcement of TiO2 oxide 

layer and on the prevention of Nix+ release. 

Table 3.4. Values of Ecorr, jcorr, IE, BF and kct for Bare-NiTi and HT-NiTi. 

 BF (%) kct (µm s-1) IE (%) Rox (kΩ cm-2) Rct (MΩ cm-

2) 

Bare-NiTi - 16.0 ± 1.3 - 94.3 ± 7.5 130.0 ± 1.2 

HT-NiTi 46.4 ± 11.0 10.8 ± 1.1 88.1 ± 2.6 2 900.0 ± 231.8 707.0 ± 7.1 
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SECM is used to assess the charge transfer process occurring at Bare-NiTi and 

HT-NiTi electrodes during the reduction of FcMeOH+. Figure 3.9 shows the nor-

malized approach curves in feedback (FB) mode. The curves are fitted on general 

analytical expressions given for first-order heterogenous finite kinetics17,18 at the 

sample surface with respect to the FcMeOH+ generated at the tip surface. The 

apparent charge transfer rate constants (kct - Table 3.4) attest the regeneration rate 

of FcMeOH by HT-NiTi is lower than the one of Bare-NiTi. The obtained values 

of kct are in line with the results presented for CV. Indeed, the hydrothermal pas-

sivation of NiTi leads to the formation of a more protective oxide layer, as attested 

by a kct down from 16.0 to 10.8 µm s-1. 

 
Figure 3.9. Representative normalized SECM FB approach curves for Bare-NiTi (kct=15.3) 

and HT-NiTi (kct=11.2) in 1 mM FeMeOH / 0.1 M KNO3. The tip was set at 0.4 V vs 

Ag|AgCl and moved at a scan rate of 1 µm s-1. The symbols correspond to the experimental 

curves and the solid lines to the SECM theory.17,18 

The LSV results point out to the impact of the oxide layer reinforcement on 

the corrosion resistance of HT-NiTi, as shown in Figure 3.10 and Table 3.4. The 

hydrothermal treatment decreases the corrosion current densities with an inhibition 

efficiency (IE) of 88.1% comparatively to Bare-NiTi. 

 
Figure 3.10. Representative polarization curves (a) and impedance spectra (b) of Bare-NiTi 

and HT-NiTi in 0.5 M NaCl at a scan rate of 1 mV s-1. 
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This results from the increased resistances of the oxide layer (Rox) and of charge 

transfer (Rct) from respectively 94.3 kΩ cm-2  and 130.0 kΩ cm-2  to 2 900.0 and kΩ 

cm-2 and 707.0 kΩ cm-2 as attested by the EIS measurements (Figure 3.10 and Table 

3.4).   

3.4 Conclusions 

The corrosion resistance of Nitinol has been improved by hydrothermal treat-

ment, i.e. by boiling it in water during 1 h. It has been proven that the composition 

of such substrate was chemically reinforced in TiO2 and depleted of Ni, which 

should decrease the risks of corrosion and prevent from the release of Ni2+. 

The impact of the treatment on the electrochemical behavior of Nitinol has 

been assessed by different methods (CV, LSV, EIS and SECM) which all pointed 

out the increased passivity of the oxide layer and its corrosion resistance. 

However, even if the process is of interest to reinforce Nitinol corrosion re-

sistance, the application of such Nitinol surfaces is still controversial and requires 

further surface modifications, e.g. the elaboration of protective organic coatings 

which will be developed in the following chapters. 
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4.1 Introduction 

The elaboration of SAMs is a very convenient approach to introduce initiating 

functionalities with the purpose of promoting polymerization from the metal sur-

faces. Such formed layer constitutes an additional protection of the metal against 

its environment.1–5 Moreover it enables the functionalization of its surface that can 

be harnessed for post-polymerization purposes, as the introduction of a functional 

polymer layer by a “grafting from” approach. To be successful, this particular point 

implies therefore the introduction of selective functional moieties that allow the 

initiation of a chain growth process from the surface. However, initiating sites such 

as alkyl-halogen groups (Atom Transfer Radical Polymerization (ATRP) initiating 

group),6 often supported by an ester group, are quite sensitive to degradation when 

long reaction times and/or harsh conditions are required. Therefore, mild conditions 

during SAMs preparation must be applied to prevent the initiating group degrada-

tion.  

In this respect and considering the long modification times usually required to 

obtain densely formed monolayers, strategies to activate the SAMs preparation 

were developed in order to shorten preparation time and maintain the quality of 

the SAM. First, thermal activation using both conventional and magnetic induction 

heating were investigated by our team.7–9 The magnetic induction heating (MIH) 

in particular has emerged as a powerful activator process in surface chemistry, as 

recently reported in current literature.7,10,11 MIH is a technique based on physical 

phenomena (Faraday-Lenz law, Eddy currents, and Joule effect) commonly used to 

heat electrically conductive materials thanks to a time-varying magnetic field. A 

significant advantage of this technique relies on the possibility of heating locally a 

material without any contact. In particular, the energy can be focused on the sur-

face of the material, hence limiting the energy input.10,12,13   

Alternatively, Metoki et al.14 as well as Vanhooland et al.15 from our group have 

recently investigated the electrochemical (EC) formation of alkylphosphonic acid-

based SAMs in aqueous media on Ti-6Al-4V and on NiTi alloy surfaces, respec-

tively. This method leads to the formation of high-quality SAMs of alkyl phosphonic 

acids within shorter modification time thanks to the positive polarization of the 

material and a preferential orientation of the molecules towards this electrode. 

Short reaction times and mild reaction conditions make both MIH and EC 

processes very attractive to prepare functional SAMs retaining initiating sites start-

ing from functional phosphonic acid derivatives. For this purpose, EC process is 

investigated in comparison to MIH and conventional heating to form sensitive 

SAMs carrying alkyl-halogen initiating groups (11-(2-bromoisobutyrate)-undecyl-1-

phosphonic acid, BUPA). As a proof of concept, the unaffected initiating functions 
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are used to kick off the surface initiation of a model monomer, i.e. 2-(dimethyla-

mino)ethyl methacrylate (DMAEMA), by Surface Initiated ATRP (coined as SI-

ATRP)(Scheme 4.1). The benefits of this simple method are highlighted over NiTi 

corrosion inhibition, surface functionalization and physico-chemical property 

changes and imaging. 

 

Scheme 4.1. Nitinol surface methodology used in this chapter: self-assembly of BUPA mon-

olayers (left) and subsequent SI-ATRP of DMAEMA (right). 

4.2 Experimental section 

4.2.1. Thermally assisted grafting of BUPA monolayers on NiTi 

The Nitinol substrates are modified by immersion in 10.0 mL of 1 mM solution 

of 11-(2-bromoisobutyrate)-undecyl-1-phosphonic acid (BUPA) in ultra-pure milli-

Q water either at room temperature (RT), or heating using both magnetic induction 

(MIH) or conventional (CH) heating at 90°C according to the temperature profiles 

presented on Figure 4.1. The substrates are then ultrasonically cleaned in denatured 

ethanol for 15 min, before being blown dried under nitrogen and stored for charac-

terizations. 

  

Figure 4.1. Temperature profiles of a Nitinol substrate heated in 10 mL ultra-pure milli-Q 

water by magnetic induction (MIH) or conventional (CH) heating at 90°C. 
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4.2.2. Electroassisted grafting of BUPA monolayers on NiTi 

A solution (20.0 mL) composed of 1 mM 11-(2-bromoisobutyrate)-undecyl-1-

phosphonic acid (BUPA) and 10 mM KNO3 is prepared in ultra-pure milli-Q water. 

The SAM is obtained by immersion of the substrate in the BUPA solution for 

5 or 10 min, under a voltage of 0.5, 0.8 or 1.2 V vs a satured calomel electrode 

(SCE). At the end, the substrates are ultrasonically cleaned in denatured ethanol 

for 15 min, before being blown dried under nitrogen and stored for characterizations. 

4.2.3. SI-ATRP of DMAEMA 

In a two-neck round-bottom flask are added 3.0 10-4 mol of copper bromine 

(CuBr) and 6.0 10-4 mol of 1,1,4,7,10,10-hexamethyltriethylenetetramine 

(HMTETA). The lateral neck is closed by a septum into which a clip is inserted to 

hold two substrates. The flask is then purged by three repeated vacuum/nitrogen 

cycles. In a second round-bottom flask are introduced 5.1 mL of 2-(dimethyla-

mino)ethyl methacrylate (DMAEMA) and 14.8 mL of THF to reach a concentra-

tion of 1.5 M. The solution is then deprived from oxygen by nitrogen bubbling for 

few minutes. 

The content of the second flask is transferred into the first one by the mean of 

a flamed dry capillary under N2 atmosphere. The polymerization is then carried for 

1 h at 60°C in an oil bath. At the end of the reaction, the flask is cooled down to 

room temperature. The substrates are then rinsed with THF and sonicated in THF 

for 15 min, rinsed with EtOH and sonicated in EtOH for 15 minutes. They are 

finally dried and stored under N2 atmosphere. 

4.3 Elaboration of SI-ATRP initiating monolayer 

The preparation of functional and well-ordered SAMs through mild and time-

saving processes is highly desirable to initiate a polymer coating via a “grafting 

from” approach, and hence to reinforce metal corrosion resistance. For this purpose, 

magnetically-induced heating (MIH) and electrochemically (EC) assisted processes 

are explored and compared to the conventional heating process to prepare homo-

geneous ATRP initiator-based SAMs, with increased resistance against corrosion 

and enabling the SI-ATRP of methacrylic monomers from the undamaged initiating 

species on the surface. 

4.3.1. Thermally assisted grafting of BUPA monolayers on NiTi 

The commercially available 11-(2-bromoisobutyrate)-undecyl-1-phosphonic 

acid (BUPA) is chosen to prepare a functional SAMs carrying ATRP initiating 

groups. 
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In a first series of experiments, the formation of BUPA monolayers is conducted 

by immersion of NiTi in a BUPA aqueous solution at either room temperature or 

at 90°C under conventional heating. Figure 4.2 presents the contact angle of water 

measured before and after surface modification in both conditions.  

 

Figure 4.2. Water contact angles for bare NiTi and NiTi modified by immersion in a solution 

of 1 mM BUPA in ultra-pure milliQ water at room temperature (light blue) or under con-

ventional heating at 90°C (dark blue). 

As expected for a successful surface derivatization, the water contact angles of 

the material increase up to less hydrophilic values after only one hour of immersion. 

However, one can also observe a decrease of water contact value versus time when 

conventional heating is applied. This behaviour is explained via the thermal degra-

dation of BUPA, and especially the hydrolysis of the bromoisobutyrate group, 

which leads to hydroxide functions on the surface. This hypothesis is confirmed by 

PM-IRRAS as no absorbance bands typical of the C=O and C-O bonds usually 

seen at 1734 and 1178 cm-1 are detected (Supporting information - Figure A.1). 

Hence, long modification times must be avoided under thermal conditions, and only 

modifications times of 1 h will be further considered in the sequel. 

X-ray photoelectron spectroscopy (XPS) analyses performed on both bare and 

modified NiTi reveal the successful surface modification of the NiTi through the 

general shape of the obtained spectra for C1s core level as presented in Figure 4.3. 

Both bare (Figure 4.3a) and modified (Figure 4.3b) NiTi exhibit peaks at similar 

energies, but with higher intensities for the SAM modified NiTi, attesting therefore 

to a successful organic modification of the surface alloy. Those bands, at energies 

of 285 eV, 286.5 eV and 289.1 eV, correspond respectively to carbon atoms involved 

in C-H/C-C, C-O and O-C=O bonds present in BUPA (1-3) or in atmospheric 

contaminations (a-c). The peak at 283.3 eV is assigned to an artefact from the 

spectrometer. 
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Figure 4.3. XPS general shape of core spectra for C1s component obtained for bare NiTi 

(bottom) and NiTi modified by immersion in a solution of 1 mM BUPA in ultra-pure milliQ 

water at room temperature or under conventional heating at 90°C (top). 

The C/NiTi and P/NiTi ratios are used to evaluate the amount of organic 

molecules grafted on NiTi. The evolution of these ratios as a function of the tested 

conditions (Figure 4.4) shows an increase of the C/NiTi and P/NiTi ratios for all 

applied conditions, attesting  the formation of BUPA layer. The ratios presented 

in Figure 4.4 indicates that the 1h thermal activation process used for the grafting 

lead to a layer as dense as the one obtained after 24h at RT . The same experiment 

was conducted under MIH for 1h, whereas this activation seems less effective as the 

C/NiTi and P/NiTi ratios decrease, even if exhibiting a similar water contact angle 

value of  81.3 ± 0.4. 

 

Figure 4.4. XPS atomic ratios for bare NiTi and NiTi modified after immersion in a solution 

of 1 mM BUPA in ultra-pure milliQ water at room temperature or under conventional heat-

ing at 90°C. 

The impact of the grafting process on the NiTi substrate itself has also been 

investigated by measuring the O/NiTi and Ni/NiTi ratios. Two important effects 
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can be considered: a slight reinforcement of the oxide layer, represented by an 

increase of O/NiTi ratio, and a strong decrease of the detected amount of nickel. 

These observations are in agreement with the studies conducted by Devillers et 

al.10,15 where authors concluded that the hydrothermal treatment of NiTi leads to 

an enrichment of the titanium oxide layer at the surface while nickel is released in 

the environment once immersed in boiling water. 

Despite these positive results concerning the grafting of BUPA, no bromine 

atom is detected by XPS (Supporting information - Figure A.2), meaning that the 

BUPA monolayers are degraded by hydrolysis, even for shorter reaction times, and 

are thus inappropriate for the post-functionalization by SI-ATRP.  

4.3.2. Electroassisted grafting of BUPA monolayers on NiTi 

Electro-assisted grafting is a promising alternative to thermally assisted pro-

cesses as it allows the use of much shorter reaction time, in the absence of thermal 

assistance, which is expected to maintain the chemical integrity of the BUPA mol-

ecule. Its grafting has been assessed for different potentials and times. 

The water contact angle values ranging from 75° to 80° after NiTi modification 

with BUPA (Figure 4.5) point to a significant decrease of the hydrophilicity. These 

values are typical of BUPA-modified NiTi by immersion at room temperature. The 

applied potential has less effect as the water contact angles remain invariable. 

 
Figure 4.5. Water contact angles for hydrothermally treated NiTi and hydrothermally 

treated NiTi modified by immersion in a solution of 1 mM BUPA in ultra-pure milliQ water 

in presence of 10 mM KNO3 under a potential of 0.5, 0.8 or 1.2 V vs SCE during 5 or 10 

min.  

Figure 4.6 displays PM-IRRAS spectra for hydrothermally treated NiTi, which 

is completely flat, and for BUPA modified NiTi for different times and potentials. 

Whatever the time and potential conditions, bands characteristic of BUPA mole-

cule are visible, more precisely the band at 1734 cm-1, typical of the stretching of 



Chapter 4 

73 

 

C=O bonds and the two bands centred at 1238 and 1178 cm-1 are respectively 

assigned to the asymmetric and the symmetric stretching of the C-O bond of the 

bromoisobutyrate function. 

 

Figure 4.6. PM-IRRAS spectra of hydrothermally treated NiTi and NiTi modified by im-

mersion in a solution of 1 mM BUPA in ultra-pure milli-Q in presence of 10 mM KNO3 

under a potential of 0.5, 0.8 or 1.2 V vs SCE during 5 or 10 min 

The XPS results, especially the high C/NiTi and Br/P ratios (Figure 4.7), 

confirm the efficiency of BUPA electrochemically assisted grafting as C/NiTi ratio 

increases in comparison to the hydrothermally treated substrate. More importantly 

Br3s electrons can also be detected at the various applied potentials and for 5 and 

10 minutes of reaction times (Figure 4.8). These observations attest the retention 

of the alkyl-bromine function when electrochemically assisted grafting is used. This 

result proves that BUPA is less degraded by electro- than by thermally assisted 

grafting. 

 

Figure 4.7. XPS atomic ratios for bare NiTi, hydrothermally treated NiTi and NiTi modified 

by immersion in a solution of 1 mM BUPA and 10 mM KNO3 in ultra-pure milliQ water 

under a potential of 0.5, 0.8, or 1.2 V vs SCE. 
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Figure 4.8. Br3s core level for NiTi modified by immersion in a solution of 1 mM BUPA 

and 10 mM KNO3 in ultra-pure milliQ water under a potential of 0.5, 0.8, or 1.2 V vs SCE. 

The results obtained by linear sweep voltammetry (LSV) (Table 4.1) do not 

indicate an improvement of the corrosion restistance of BUPA covered NiTi 

substrates, as jcorr barely decreases and Ecorr barely increases. This is in accordance 

with the molecular structure of BUPA, which prevents the formation of a compact 

monolayer due to the size of its hydrophilic bromoisobutyrate group.  

Table 4.1. Values of Ecorr and jcorr for bare NiTi, hydrothermally treated NiTi and NiTi 

substrates modified by electrografting of BUPA 1 mM in ultrapure water at 0.5, 0.8, or 1.2 

V vs SCE during 5 or 10 min in presence of 10 mM KNO3 (obtained by LSV). 

Sample Ecorr (mV vs SCE) jcorr (A cm-2) 

Bare -293 ± 66 9.05 10-7 ± 5.31 10-7 

HT -268 ± 18 7.29 10-8 ± 4.98 10-8 

0.5 V / 5’ -278 ± 34 9.80 10-8 ± 1.63 10-8 

0.5 V / 10’ -319 ± 39 9.07 10-8 ± 2.18 10-8 

0.8 V / 5’ -268 ± 29 1.80 10-7 ± 2.61 10-8 

0.8 V / 10’ -227 ± 43 2.21 10-7 ± 5.22 10-8 

1.2 V / 5’ -255 ± 26 1.65 10-7 ± 5.46 10-8 

1.2 V / 10’ -186 ± 182 9.98 10-8 ± 7.81 10-8 
 

From these results, the optimum grafting conditions (high C/NiTi, Br/NiTi 

and reproducibility) appears to be the EC process at a potential of 1.2V during 5 

min. 

4.4 SI-ATRP of DMAEMA on BUPA-covered NiTi 

The so-formed BUPA-covered Nitinol substrates are used for SI-ATRP of 2-

(dimethylamino)ethyl methacrylate (DMAEMA, cf. 4.2.3) to validate the benefits 

of the EC process as it ensures the quality and the usability of the initiation layer. 
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The polymerization was conducted at a concentration of 1.5 M for 1 h in the pres-

ence of CuBr.2HMTETA complex, in THF. 

After polymerization, the measured WCA of the modified surface drops from a 

value of 78.2 ± 1.1 down to 61.2 ± 12.3. This increase in hydrophilicity is consistent 

with the presence of the hydrophilic PDMAEMA layer grafted on the surface. The 

nature of the formed coating is confirmed jointly by PM-IRRAS (Figure 4.9) and 

XPS (Figure 4.10). 

The PM-IRRAS spectrum obtained for the modified substrate presents several 

distinct absorption bands. The first ones, at 1154 and 1239 cm-1, correspond to the 

asymmetrical stretching of C-N bonds. The two bands centred at 1178 and 1273 

cm-1 are respectively assigned to the symmetrical and asymmetrical stretching of 

C-O bonds, whereas those centred at 1461 and 1486 cm-1 correspond to the asym-

metrical deformation of CH3 groups and to the scissoring of C-H bonds. The band 

at 1734 cm-1 is attributed to the stretching of C=O bonds and the last ones centred 

at 2721 and 2821 cm-1 correspond to the stretching of N-C-H bonds.16 All those 

bands are characteristics of PDMAEMA.  

 

Figure 4.9. PM-IRRAS spectrum of BUPA-covered NiTi modified by SI-ATRP of 1.5 M 

DMAEMA in solution in THF in presence of 13.9 mM CuBr and 1.39 mM HMTETA for 1 

hour at 60°C  

The XPS spectra (Figure 4.10) obtained for C1s (and its subsequent analyses) 

and N1s unambiguously confirm the nature of PDMAEMA.  Br atoms are also 

detected from the surface analysis, which is consistent with the controlled nature 

of the SI-ATRP process. Finally, no copper has been detected at the surface, mean-

ing that no catalyst is trapped in the polymer layer. Knowing the high propensity 

of tertiary amines to form complexes with copper through Lewis acid-base interac-

tions, this observation renders our approach particularly attractive for biomedical 

applications.    
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As an additional control, the same polymerizations were conducted from a hy-

drothermally treated NiTi, while in this case, the metal surface is free of initiating 

groups. In these conditions, no absorption band can be detected on the PM-IRRAS 

spectra (Supporting information - Figure A.3), whereas only peaks of low intensities 

can be seen on XPS spectrum (Supporting information - Figure A.4), those corre-

sponding to BUPA. 

 

Figure 4.10. XPS core spectra for C1s, N1s, Ti2p, Ni2p, Cu2p and Br3d components ob-

tained for BUPA-covered NiTi modified by SI-ATRP of 1.5 M DMAEMA in solution in 

THF in presence of 13.9 mM CuBr and 1.39 mM HMTETA for 1 hour at 60°C  

The obtained results attest that PDMAEMA layer arises from a “grafting from” 

approach and mediated in a control way by ATRP. Indirectly, these results demon-

strate for the first time the ability of electrochemically assisted approach to form 

stable functional BUPA-based SAMs retaining sensitive initiating sites. 

The protective behaviour of the formed polymer layers has been assessed by 

LSV (Table 4.2). The results indicate a slight improvement of the corrosion 

restistance of the substrates, as jcorr decreases and Ecorr increases.  

Table 4.2. Values of Ecorr and jcorr for HT-NiTi and BUPA covered NiTi modified by SI-

ATRP of 1.5 M DMAEMA in solution in THF in presence of 13.9 mM Cubr and 1.39 mM 

HMTETA for 1 hour at 60°C. 

Sample Ecorr (mV vs SCE) jcorr (A cm-2) 

HT -268 ± 18 7.29 10-8 ± 4.98 10-8 

BUPA -255 ± 26 1.65 10-7 ± 5.46 10-8 

PDMAEMA -203 ± 34 8.30 10-8 ± 1.97 10-8 
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As a confirmation, the same polymerization process has been performed on 

thermally assisted grafted NiTi substrates. As expected, no PDMAEMA coating is 

detected by PM-IRRAS and XPS (Figure A.5), thus confirming the degradation of 

BUPA under thermal treatment.  

4.5 Conclusions 

In this chapter, thermally- and electro-assisted self-assembling of 11-(2-bro-

moisobutyrate)-undecyl-1-phosphonic acid (BUPA) on Nitinol have been compared. 

Among all the tested conditions, the best grafting of BUPA is achieved by 5 

minutes of electrochemically (EC) assisted self-assembly at RT. PM-IRRAS and 

XPS results obtained for EC point to a successful surface modification of NiTi by 

BUPA (amounts of grafted molecules and of remaining Br atoms at the surface. 

Thus, the electrografting appears to be a good alternative for fast self-assembly of 

sensitive molecules such as BUPA.  

Finally, the so-formed BUPA monolayer have been successfully used as an ini-

tiation layer for the surface-initiated atom transfer polymerization of 2-(dimethyl-

amino)ethyl methacrylate, a model methacrylic monomer, as proven by PM-IRRAS 

and XPS results. 

Nonetheless, the thermally assisted processes used in this work (CH and MIH) 

remain a very attractive tool to promote the self-assembly of robust phosphonic 

acid derivatives, such as aliphatic phosphonic acid derivatives and deserve deeper 

investigation and interest. 
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Electrografting of organophosphonic mixed monolayer for SI-ATRP 
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5.1 Introduction 

In the previous chapter, the electro-assisted approach has been proven to lead 
to the formation of high quality SAMs within short modification times and at room 
temperature. Thus, it is an alternative way to graft SI-ATRP initiators based on 
phosphonic acid derivatives while preserving the sensitive chemical functions, such 
as C-Br in the 11-(2-bromoisobutyrate)-undecyl-1-phosphonic acid (BUPA) used as 
ATRP initiator.1 However, BUPA initiating functions are quite bulky and may lead 
to disordered and less protective layers. The use of mixed monolayers resulting from 
the co-adsorption of two organophosphonic acid derivatives differing in length 
and/or terminal functional groups has been reported to improve the corrosion re-
sistance as well as the layer organization.2–5  

Among the promising and versatile surface characterization techniques, scan-
ning electrochemical microscopy (SECM), based on the use of an ultramicroelec-
trode facing a substrate, allows to probe locally  its electrochemical property, i.e. 
its conducting/insulating behaviour, or to provide high resolution information on 
the electrochemical processes occurring at the surface.6–9 Over the last years, SECM 
has been widely applied for the study of self-assembled monolayers properties and 
impact over corrosion resistance,10–13 and on organic layer permeability.14,15 But so 
far, only few SECM studies have been performed on Nitinol,10,16,17  which thus re-
main of great interest. 

The aim of the work presented in this chapter is to improve the quality of the 
electro-grafted SAMs on NiTi. To this end, mixed SAMs carrying alkyl-halogen 
initiating groups of 11-(2-bromoisobutyrate)-undecyl-1-phosphonic acid (BUPA) 
are formed on NiTi after its hydrothermal treatment by incorporating 1-
decylphosphonic acid (C10P) molecules with a shorter hydrophobic alkyl chain. Var-
ious amounts of BUPA/C10P are studied to optimise the quality of the SAM organ-
isation and consequently the NiTi corrosion resistance while keeping sufficient 
amount of grafted BUPA for the polymerisation. The so-formed mixed SAMs are 
used to initiate the surface polymerization of 2-methacryloyloxyethyl phosphory-
lcholine (MPC), a biocompatible monomer (Scheme 1). The originality of this work 
resides in the combination of the electro-assisted approach for the grafting of mixed 
monolayer which is in itself a relatively new promising method and particularly 
suitable for temperature sensitive groups. In this context, the SI-ATRP can be 
considered as an indirect evaluation way for the achievement of those surface mod-
ifications. The benefits of this method are highlighted over NiTi corrosion inhibi-
tion, surface functionalization and physico-chemical properties. 
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Scheme 5.1. Nitinol surface methodology used in this chapter: self-assembly of BUPA mon-
olayers (left) and subsequent SI-ATRP of MPC (right). 

5.2 Experimental section 

5.2.1. Electroassisted grafting of mixed initiating monolayers on NiTi 

Solutions (20.0 mL) composed of 1 mM of a mixture of 11-(2-bromoisobutyr-
ate)-undecyl-1-phosphonic acid (BUPA)/1-decylphosphonic acid (C10P) in various 
ratios and 10 mM KNO3 are prepared in ultra-pure milli-Q water. 

The SAMs on HT-NiTi surfaces are obtained by immersion of the substrate in 
the solution for 5 min, under a voltage of 1.2 V vs a satured calomel electrode 
(SCE). At the end, the substrates are ultrasonically cleaned in denatured ethanol 
for 15 min, before being blown dried under nitrogen and stored for characterizations. 

5.2.2. SI-ATRP of MPC 

In a four-neck round-bottom flask are added 3.0 10-4 mol of copper bromine 
(CuBr) and 6.0 10-4 mol of tris[2-(dimethylamino)ethyl]amine (Me6TREN). The 
three lateral necks are closed by septums into which a clip is inserted to hold two 
substrates. The flask is then purged by three repeated vacuum/nitrogen cycles. In 
a second round-bottom flask are introduced 3.4 10-3 mol of 2-methacryloyloxyethyl 
phosphorylcholine and 19.8 mL of milli-Q water to reach a concentration of 0.17 M. 
The MPC solution is then deaerated by nitrogen bubbling for few minutes. 

The content of the second flask is transferred into the first one by the mean of 
a flamed dry capillary under N2 atmosphere. The polymerization is then carried out 
for 1, 3 or 6 h at 90°C in an oil bath. At the end of the reaction, the flask is cooled 
down to room temperature. The substrates are then rinsed with denatured EtOH 
and sonicated in denatured EtOH for 15 minutes. They are finally dried and stored 
under N2 atmosphere. 
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5.3 Elaboration of BUPA/C10P mixed monolayers 

The electro-assisted approach, based on the optimised conditions determined in 
our previous work (E=1.2 V vs SCE and t=5 min),1 is transposed to the grafting 
of C10P (C10P-NiTi), BUPA (BUPA-NiTi) and their mixture in different ratios 
(BUPA/C10P-NiTi) on HT-NiTi. The resulting modified NiTi surfaces are charac-
terized with contact angle measurements, PM-IRRAS, XPS and electrochemical 
analyses. 

Figure 5.1 highlights the wettability properties of HT-NiTi, C10P-NiTi, BUPA-
NiTi and BUPA/C10P-NiTi. The water contact angle values (w) ranging from 78° 
to 92° after NiTi modification point to a significant increase of the contact angle 
compared to HT-NiTi (w =30°). The highest w value, indicating the less hy-
drophylic surface, is obtained for C10P-NiTi (w =92°). Increasing the ratio of 
BUPA/C10P does not drastically change the w values which remain very close 
(w80°) to that of BUPA-NiTi. This is consistent with the fact that C10P molecules 
are shorter than BUPA and have thus less impact on the wettability properties, 
even at high concentration in the mixed monolayer. 

 

Figure 5.1. Water contact angles for HT-NiTi, BUPA-NiTi, C10P-NiTi and BUPA/C10P-
NiTi (in various ratios). 

Figure 5.2 displays PM-IRRAS spectra for HT-NiTi and BUPA/C10P-NiTi. 
HT-NiTi does not show any signal of any chemical functions while BUPA/C10P-
NiTi show, whatever the molecular ratio, vibrational bands typical of BUPA at 
1276/1261 and 1170 cm-1, assigned respectively to the asymmetric and the symmet-
ric stretching of the C-O bond of the bromoisobutyrate function, and to C-H defor-
mation.18 
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Figure 5.2. PM-IRRAS spectra for HT-NiTi, BUPA-NiTi, C10P-NiTi and BUPA/C10P-NiTi. 

Results of the X-ray photoelectron spectroscopy (XPS) analyses performed on 
HT-NiTi and modified NiTi are reported in Figure 5.3 and Table 5.1. C1s core-
level (Figure 5.3) displays peaks at similar energies but with higher intensities for 
modified NiTi indicating therefore an effective grafting of C10P and BUPA on HT-
NiTi. These peaks at energies of 285 eV, 286.5 eV and 289.1 eV, correspond respec-
tively to carbon atoms involved in C-H/C-C, C-O/C-P and O-C=O bonds present 
in the phosphonic acid derivatives (peak 1 for C10P) and (peaks 1-3 for BUPA) or 
in atmospheric contaminations (peaks a-c for HT-NiTi). The one at 283.3 eV (*) is 
assigned to an artefact from the spectrometer. 

 

Figure 5.3. Representative XPS C1s core-levels for HT-NiTi, BUPA-NiTi, C10P-NiTi and 
BUPA/C10P-NiTi (in various ratios). 

In addition to the increase of C1s intensity, XPS analyses reveal the presence 
of P2p for all BUPA-NiTi, C10P-NiTi and BUPA/C10P-NiTi and Br3s for BUPA-
NiTi and BUPA/C10P-NiTi. When adding C10P to BUPA, the C/NiTi and P/NiTi 
ratios increase (Table 5.1) indicating the formation of denser and more organized 
layers due to the insertion of C10P. The maximum is achieved for 60% of BUPA. 
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The C/NiTi ratio then decreases due to the shorter chain of C10P replacing the 
longer BUPA ones while P/NiTi remains almost stable (0.13-0.17). The Br/P ratio 
is barely affected by the decrease of BUPA amount which prove that pure BUPA 
layer is not very well organised and partially degraded.  

Table 5.1. XPS atomic ratios for HT-NiTi and BUPA/C10P-NiTi (in various ratios) and 
estimated SAM thickness. 

Sample C/NiTi P/NiTi Br/P dSAM (nm) 

HT 0.10 ± 0.20 - - - 

100% BUPA 1.03 ± 0.32 0.09 ± 0.01 0.23 ± 0.05 1.93 ± 0.38 

90% BUPA 1.34 ± 0.48 0.11 ± 0.01 0.23 ± 0.07 1.90 ± 0.15 

80% BUPA 1.63 ± 0.27 0.11 ± 0.01 0.25 ± 0.05 1.83 ± 0.15 

70% BUPA 2.29 ± 0.23 0.15 ± 0.01 0.21 ± 0.02 1.87 ± 0.15 

60% BUPA 2.51 ± 0.25 0.17 ± 0.01 0.18 ± 0.01 1.71 ± 0.12 

50% BUPA 1.93 ± 0.20 0.15 ± 0.01 0.18 ± 0.02 1.76 ± 0.16 

40% BUPA 1.64 ± 0.10 0.13 ± 0.01 0.16 ± 0.02 1.58 ± 0.07 

30% BUPA 1.68 ± 0.26 0.13 ± 0.01 0.19 ± 0.04 1.54 ± 0.22 

20% BUPA 1.61 ± 0.12 0.15 ± 0.01 0.20 ± 0.07 0.95 ± 0.12 

10% BUPA 1.66 ± 0.26 0.14 ± 0.01 0.21 ± 0.05 1.03 ± 0.37 

0% BUPA 1.51 ± 0.11 0.15 ± 0.01 - 0.60 ± 0.13 
 

The approximated thickness of BUPA layer (1.93 ± 0.38 nm) is consistent with 
the simulated value of 2.02 nm (Figure 5.4a), whereas the estimated thickness of 
C10P layer is underestimated from a theoretical value of 1.41 nm to 0.60 ± 0.13 nm. 
This difference could result from a tilted denser organization of the C10P layer. The 
coating thickness decreases with the incorporation of C10P (Table 5.1), which also 
attests the formation of a tilted denser layer as shown on Figure 5.4b. 

 
Figure 5.4. Model structures of C10P and BUPA (a), and schematic representation of 
BUPA/C10P  coatings thickness based on XPS results (b). 

Electrochemical evaluation of modified NiTi is compared to HT-NiTi on the 
basis of three methods (LSV, CV and SECM). LSV results (Figure 5.4 - Table 5.2 
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- Supporting information Figure A.6) indicate a strong improvement of the 
corrosion resistance of BUPA/C10P-NiTi with the decrease of BUPA amount, e.g. 
corrosion current density (jcorr) decreases from  95.1 nA cm-2 to 9.4 nA cm-2 for 20 
% of BUPA. This is once again in accordance with the formation of a denser and 
more organized layer due to higher amount of C10P within the layer. 

 
Figure 5.5. Representative polarization curves for HT-NiTi and BUPA/C10P (20/80) in 0.5 
M NaCl at a scan rate of 1 mV s-1. 

Table 5.2. Values of Ecorr, jcorr, IE, BF and kct for HT-NiTi and BUPA/C10P-NiTi (in various 
ratios) (obtained by LSV, CV and SECM). 

Sample Ecor 

(mV vs SCE) 
jcorr 

(nA cm-2) 
IE 
(%) 

BF 
(%) 

kct 

(µm s-1) 

NiTi-HT -266 ± 22 103.6 ± 22.2 - - 10.8 ± 1.1 

100% BUPA -262 ± 34 95.1 ± 28.8 89.1 ± 3.3 72.3 ± 5.0 1.8 ± 1.6 

90% BUPA -233 ± 70 29.2 ± 21.1 96.6 ± 2.4 96.3 ± 1.9 1.2 ± 0.1 

80% BUPA -193 ± 45 31.2 ± 17.1 96.4 ± 2.0 84.4 ± 6.4 0.5 ± 0.3 

70% BUPA -217 ± 24 35.7 ± 27.2 95.9 ± 3.1 88.0 ± 16.7 2.1 ± 0.6 

60% BUPA -289 ± 19 72.3 ± 3.8 91.7 ± 0.4 76.8 ± 23.1 0.4 ± 0.2 

50% BUPA -194 ± 86 11.1 ± 10.4 98.7 ± 1.2 98.2 ± 0.3 1.8 ± 0.2 

40% BUPA -296 ± 13 109.4 ± 41.2 87.4 ± 4.7 86.0 ± 8.1 0.9 ± 0.2 

30% BUPA -160 ± 96 32.9 ± 22.2 96.2 ± 2.6 88.2 ± 10.5 1.0 ± 0.2 

20% BUPA -314 ± 41 9.4 ± 6.4 98.9 ± 0.7 93.9 ± 6.6 0.6 ± 0.1 

10% BUPA -252 ± 56 82.7 ± 55.6 90.5 ± 6.4 93.7 ± 2.1 0.7 ± 0.1 

0% BUPA -256 ± 29 59.0 ± 38.9 93.5 ± 4.5 97.1 ± 2.3 0.4 ± 0.2 
 

As expected, the use of high C10P amount leads to the formation of more re-
sistant layers. Among all the conditions, the layers made of 20 and 50% of BUPA 
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exhibit the best inhibition efficiencies (IE) with respective values of 98.7 and 98.9%, 
hence the best corrosion resistance. 

Cyclic voltammetry (CV) (Figure 5.6 - Table 5.2 - Supporting information 
Figure A.7) confirms the protective efficiency due to BUPA and C10P grafting, as 
well as the reinforcement of the TiO2 external layer.  

 
Figure 5.6. Representative first (a) and second (b) cycles of the voltammograms for HT-
NiTi and BUPA/C10P (20/80) in 0.1 M NaOH at a scan rate of 20 mV s-1. 

For bare NiTi substrate, the first cycle reveals two anodic peaks at 200 and 500 
mV vs SCE, respectively assigned to Tin+ and Ni2+ oxidations, but only one cathodic 
peak assigned to Ni3+ reduction. On the second cycle, only nickel oxidation and 
reduction peaks are still present due to the irreversible passivation of the electrode 
via the titanium oxide layer. For HT-NiTi, only the oxidation peak of Tin+ can be 
observed on the first cycle and no more Ni reactions, even during the second cycle. 
This confirms the efficiency of the hydrothermal treatment on the reinforcement of 
TiO2 layer and on the prevention of Nix+ release. Once electroassisted grafting of 
BUPA/C10P is performed on HT-NiTi, their CV analyses do not show any 
electrochemical activity, thus confirming the protective efficiency of the grafted 
phosphonic derivatives. As expected, the increase of C10P concentration within the 
layer leads to the formation of more blocking layers. In line with the conclusions 
made from LSV results, BUPA/C10P ratios of 50/50 and 20/80 exhibit the best 
blocking factors, thus the best protection of the substrate.  

SECM is used to assess the charge transfer process occurring at Bare-NiTi, HT-
NiTi, and BUPA/C10P-NiTi electrodes during the reduction of FcMeOH+. Figure 7 
and Figure A.8 (Supporting information) show the normalized approach curves in 
feedback mode. The curves are fitted on general analytical expressions given for 
first-order heterogenous finite kinetics19,20 at the sample surface with respect to the 
FcMeOH+ generated at the tip surface. 
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The apparent charge transfer rate constants (kct - Table 5.2) attest the regen-
eration rate of FcMeOH by the NiTi samples evolves through the modification steps. 
The obtained values of kct are in line with the results presented for CV. Indeed, the 
hydrothermal passivation of NiTi leads to the formation of a slightly more protec-
tive oxide layer, as attested by a kct down from 16.0 to 10.8 µm s-1. This phenome-
non is amplified by the additional presence of BUPA/C10P monolayers, with kct 
ranging from 0.4 to 10.5 µm s-1. Among the assessed BUPA/C10P ratios, the best 
results are obtained for the coatings with 0, 60, 80 and 20% BUPA with respective 
kct of 0.4, 0.4, 0.5 or 0.6 µm s-1. 

 
Figure 5.7. Representative normalized SECM FB approach curves for HT-NiTi (kct=11.2), 
BUPA/C10P-NiTi (20/80) (kct=0.6) in 1 mM FeMeOH / 0.1 M KNO3. The tip was set at 
0.4 V vs Ag|AgCl and moved at a scan rate of 1 µm s-1. The symbols correspond to the 
experimental curves and the solid lines to the SECM theory.19,20 

From these results, the optimum BUPA/C10P layer (high P/NiTi, Br/NiTi, 
BF, IE, kct, and reproducibility) is prepared from 20% of BUPA and 80% of C10P. 
This molecular ratio will be used for all the upcoming functionnalisations. 

5.4 SI-ATRP of MPC on BUPA/C10P-covered NiTi 

In this section, SI-ATRP of MPC is performed on the BUPA/C10P-NiTi (mod-
ified in the optimum conditions determined above (i.e. E = 1.2 Vvs SCE, t = 5min, 
BUPA/C10P = 20/80) for 1, 3 and 6 h (PMPC-NiTi). The so-modified substrates 
are characterized with water contact angle measurements, PM-IRRAS, XPS, SEM, 
LSV and SECM to attest to polymerization efficiency. 

The modified surfaces are first characterized using water contact angle (Figure 
5.8). More hydrophilic surfaces (w = 45°) are obtained for PMPC-NiTi compared 
to BUPA/C10P-NiTi (78.9°) which attests, considering the hydrophilic nature of 
the MPC, the formation of the polymer from the surface.  
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Figure 5.8. Water contact angles obtained for BUPA/C10P-NiTi (20/80) and PMPC-NiTi 
prepared during 1, 3 or 6 h. 

Figure 5.9 shows the PM-IRRAS spectra. For PMPC-NiTi coatings, absorp-
tions bands in agreement with the structure of the molecules appears at 1721, 1486, 
1255-1279, 1170, 1125, 1092 and 1054 cm-1, respectively assigned to C=Ostretch (es-
ter), C-O-Cwag, C-Oasym stretch (ester), C-Osym stretch (ester), C-Nstretch, C-Ostretch (alcohol), 
and P-Ostretch. An increased signal is noticed, especially after 6 h of polymerization, 
which confirms the presence of a PMPC films on NiTi surface. 

 

Figure 5.9. PM-IRRAS for BUPA/C10P-NiTi (20/80) and PMPC-NiTi prepared during 1, 
3 or 6 h. 

XPS analyses confirm the formation of PMPC. Figure 5.10 presents C1s and 
N1s core-levels spectra for PMPC-NiTi and BUPA/C10P-NiTi. As expected, C1s 
and N1s peaks are more intense after SI-ATRP of MPC and present different gen-
eral shapes compared to the initial BUPA/C10P-NiTi. The C1s core level spectra 
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(Figure 5.10 - left) present four components centred at 285.0, 285.7, 286.5 and 289.1 
eV, respectively attributed to carbon atoms involved in C-H/C-C, C-N, C-O/C-P 
and O-C=O bonds present in BUPA, C10P, PMPC and Me6TREN. The peak at 
283.3 eV (*) assigned previously to an artefact from the spectrometer is still visible. 

 

Figure 5.10. XPS general shape of core spectra for C1s and N1s components obtained for 
BUPA/C10P (20/80) and PMPC-NiTi prepared during 1, 3 or 6 h. 

The N1s core level spectra (Figure 5.10 - right) present two components centred 
at energies of 400.3 eV and 403.5 eV, respectively attributed to nitrogen atoms 
characteristic of the amine function of the Me6TREN and of the ammonium present 
in PMPC. These confirms the efficiency of SI-ATRP of MPC on BUPA/C10P (20/80) 
layer but also point out the presence of residues of the catalyst (complexed by 
Me6TREN) trapped in the coating. 

SEM images (Figure 5.11) highlight differences of modified NiTi morphologies 
as a function of the polymerization time. Within short polymerization time (1 h) 
the surface is highly inhomogeneous and shows a high density of polymer 
aggregates. After 3 h, the coating starts to be more homogenous but uncovered 
NiTi domains are still visible. However, the formation of PMPC film during 6 h 
lead to a good coverage with a quite uniform distribution of small aggregation spots 
probably resulting from non-uniform PMPC growth. 

The increase of the hydrophylicity of PMPC-NiTi and the time dependent 
homogeneity of the surface induce differences in the electrochemical properties are 
shown in the LSV curves (Figure 5.12) and SECM images (Figure 5.13).  
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Figure 5.11. SEM images for BUPA/C10P (20/80) and PMPC-NiTi prepared 
during 1, 3 or 6 h (obtained in secondary electron imaging mode). 

For the susbtrate modified during 1 h, jcorr  changes from 9.4 nA cm-2 
(BUPA/C10P-NiTi) to a value of 92.5 nA cm-2 as well as less negative Ecorr

 (from -
314 to -82 mV vs SCE) due to the high hydrophilicity and inhomogeneity of the 
PMPC layer. For higher SI-ATRP times, jcorr values are 12.0 nA cm-2 and 17.8 nA 
cm-2  for 3h and 6h, respectively. Ecorr values remain in the same range with values 
of -110 and -153 mV vs SCE.  

 

Figure 5.12. Polarization curves for BUPA/C10P NiTi (20/80) and PMPC-NiTi prepared 
during 1, 3 or 6 h (obtained in 0.5 M NaCl at a scan rate of 1 mV s-1). 

Nevertheless compared to HT-NiTi (jcorr  103.6 nA cm-2, IE  88.1  and Ecorr  
-266 mV vs SCE), the corrosion current and inhibition efficiency still indicates an 
improvements of the corrosion inhibition properties. 
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Representative SECM mapping images collected in FB mode are presented in 
Figure 13. Those point out the surface uniformity and the passivating behaviour of 
BUPA/C10P SAM (Figure 13 – upper left). However, once SI-ATRP of MPC 
occurred, the average measured current increases up from  0.2 to ~ 0.4 nA with a 
slightly less homogeneous behaviour. These results are in line with the previous 
observations made from SEM pictures (Figure 5.11) and LSV curves (Figure 5.12). 
The increased PMPC thickness induces an heterogeneous electroactivity especially 
for the 6 h polymerization, where several high current spots are noticeable. The 
increased electroreactivity is in accordance with the hydrophilic behaviour of 
PMPC coatings and thus the interactions between the coating and the redox probe, 
thus resulting in an intercalation of the probe inside the organic layer. In 2010, 
Matrab et al. investigated the transport and the reactivity within poly(glycidyl 
methacrylate) polymer brushes made by SI-ATRP and proved the permability of 
such methacrylate-based polymer once solvated in aqueous media.21  

 
Figure 5.13. Normalized SECM FB mapping for BUPA/C10P NiTi (20/80) and PMPC-NiTi 
prepared during 1, 3 or 6 h (obtained in 1 mM FeMeOH / 0.1 M KNO3). 

5.5 Conclusions 

In this chapter, the electro-assisted grafting of BUPA/C10P mixed monolayers 
in various ratios has been achieved to improve NiTi corrosion resistance. 
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First, the successful surface modifications have been attested by WCA, PM-
IRRAS and XPS results and it has been proven that the substitution of some BUPA 
molecules by C10P (a smaller and less hindered molecule) improve the anti-corrosion 
properties of Nitinol. Among all the tested conditions, the most protective and 
efficient layer (high blocking factor, high inhibition efficiency, low charge transfer 
constant kct) is obtained for a composition of 20% BUPA and 80 % C10P. 

Second, the surface-initiated ATRP of MPC has been achieved for 1, 3 or 6 h 
on the so-formed initiating layer. SEM images and SECM measurements evidenced 
the non-uniformity of the PMPC coatings for time lower than 6 h.  

This part of the work opens the prospect of biocompatible polymers growth and 
tuning on Nitinol substrate modified by electrografted phosphonic-made ATRP in-
itiators. Nevertheless, the structure of this system still requires some improvements 
with the prospect of a further biomedical application, as well is being evaluated in 
body simulated fluids. 
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6.1 Introduction 

This chapter focuses on the behavior of bare and modified Nitinol substrates in 

physiological conditions. In this context, the following results are divided into two 

sections.  

The first one is dedicated to the corrosion properties of Bare-NiTi, HT-NiTi, 

BUPA/C10P-NiTi and PMPC NiTi, and the potential subsequent leaching of Ni2+ 

ions. The NiTi materials are thus exposed to human blood plasma simulated body 

fluid for up to 6 weeks, and their corrosion is assessed by LSV and EIS, whereas 

the amount of released nickel is evaluated by optical emission spectroscopy coupled 

with inductively coupled plasma (ICP-OES). 

In the second part, the ability of Bare-NiTi, HT-NiTi, BUPA/C10P-NiTi and 

PMPC NiTi to grow endothelial cells is assessed by immunofluorescence.  

6.2 Experimental section 

6.2.1. Preparation of body simulated fluid 

The ionic composition of human blood plasma (Table 6.1) can be reached 

through the preparation of a simulated body fluid (BSF) solution (Table 6.2). 

Table 6.1. Ion concentration of human 

blood plasma.1 

 Table 6.2. Composition of prepared 

blood plasma SBF (for 1 L).1 

Ion Concentration (mM) Reagents Amount (g) 

Na+ 142.0 HEPES 11.928 

K+ 5.0 NaCl 5.403 

Mg2+ 1.5 NaHCO3 0.40 

Ca2+ 2.5 Na2CO3 • 10 H2O 5.524 

Cl- 103.0 KCl 0.225 

HCO
3

− 27.0 K2HPO4 0.176 

HPO
4

2− 1.0 MgCl2 • 6 H2O 0.311 

SO
4

2− 0.5 CaCl2 0.293 

  Na2SO4 0.072 

The preparation of such fluid is done according to the procedure described by 

Oyane et al.1 as followed. First, all the used glassware is washed with 1.0 M HCl, 

neutral detergent, and ultra-pure milliQ water. HEPES is first dissolved into 100 

mL of ultra-pure water, whereas all the other compounds are used as such. 700 mL 

of ultra-pure milliQ-water are stirred at 36.5°C, and all the reagents are then dis-

solved in the sequence listed in Table 6.2. The volume is then adjusted to 1 L and 
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fluid is adjusted to a pH of 7.40 using aqueous 1.0 M NaOH and cooled down at 

20°C. 

6.2.2. Growth of endothelial cells 

EA.hy926 endothelial cells (hybrid cells resulting from the fusion of human 

endothelial cells and lung carcinoma cells) are seeded on 1 cm2 of Bare-NiTi, HT-

NiTi, BUPA/C10P-NiTi and PMPC-NiTi in a 6-wells plate with around 50 000 cells 

by well for 24h, 48h and 72h. After the exposure, each well is rinsed with phosphate 

buffered saline and the incubation is performed in a solution containing 0.5 ‰ 

Calcein AM and 2‰ Ethidium homodimer (LIVE/DEADTM Viability/Toxicity Kit 

for mammalian cells, L3224, Invitrogen ThermoFisher) for 30 minutes at room tem-

perature and away from light. The substrates are finally rinsed with phosphate 

bufferd saline and observed by fluorescence microscopy. For reproducibility pur-

poses, each test is performed three times. The number of living cells on the material 

is finally evaluated using ImageJ software. 

6.3 Nitinol behavior in physiological medium 

In this section, the behavior of Bare-NiTi, HT-NiTi, BUPA/C10P-NiTi and 

PMPC in human blood plasma simulated fluid is assessed for various immersion 

length ranging from 0 to 6 weeks. Directly after the immersion, open circuit poten-

tial of the substrates is determined after one hour of equilibration (Table 6.3), 

whereas the amount of nickel released into the BSF solution is determined by ICP 

(Table 6.4). 

Table 6.3. Open circuit potential (in mVvs SCE) of Bare-NiTi, HT-NiTi, BUPA/C10P-NiTi 

and PMPC-NiTi after immersion in SBF of different length.  

Time (week) Bare-NiTi HT-NiTi BUPA/C10P-NiTi PMPC-NiTi 

0 -289 -259 -206 -175 

1 -370 -352 -300 -165 

2 -354 -322 -282 -199 

3 -330 -212 -175 -122 

4 -367 -224 -146 -125 

5 -250 -237 -207 -139 

6 -256 -233 -220 -123 
 

Before immersion in the BSF solution, the materials OCP increase with the 

number of modification, i.e. in increasing order Bare-NiTi (-289 mV), HT-NiTi (-

259 mV), BUPA/C10P-NiTi (-206 mV) and PMPC-NiTi (-175 mV), which confirms 

the improvement of Nitinol through the modification steps. These results are in line 
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with the analyses preformed in 0.5 M NaCl and previously presented. The phenom-

enon can be similarly seen for all the tested immersion time. 

After one week of exposure, Bare-NiTi, HT-NiTi and BUPA/C10P-NiTi exhibit 

lower OCP, which is significative of a less efficient resistance of the materials to 

corrosion in the BSF. Such decrease of the OCP is also present for HT-NiTi, but 

later after 2 weeks of immersion, thus confirming the efficiency of PMPC-NiTi over 

Bare-NiTi and its subsequent intermediate modification steps. 

Within the following weeks, the OCP of all materials temporarily increased. 

This increased corrosion resistance is explained by the formation and precipitation 

of corrosion products onto the surface, thus partially hindering the surface, and 

reducing the number of corrosion sites. Indeed, many corrosion products can be 

formed due to the variety of anions present in the used BSF, e.g. NiCl2, NiSO4, 

Ni(OH)2 or NiO.2 However, after a while, the OCP values tends to decrease again 

due to local corrosion. 

The evolution of OCP as well as the precipitation of corrosion products is con-

firmed by the ICP results (Table 6.4). After one week of immersion in the BSF, the 

released amount of nickel obtained, in decreasing order, for Bare-NiTi (126 ppb), 

HT-NiTi (34 ppb), BUPA/C10P-NiTi (17 ppb) and PMPC-NiTi (13 ppb) are in 

line with the previous results and attest the efficiency of each modification step on 

the corrosion resistance of Nitinol. 

Furthermore, similarly to the evolution of the OCP, the amount of nickel de-

tected by ICP fluctuates for all the substrates. This is a further proof of the pre-

cipitation of corrosion products onto the surface, until the corrosion process in-

creases again, as seen by the increased amount of detected nickel. 

Table 6.4. Released nickel (in ppb cm-2) of Bare-NiTi, HT-NiTi, BUPA/C10P-NiTi and 

PMPC-NiTi after immersion in SBF of different length.  

Time (week) Bare-NiTi HT-NiTi BUPA/C10P-NiTi PMPC-NiTi 

1 126 34 17 13 

2 97 63 17 42 

3 50 42 - - 

4 59 21 - - 

5 97 38 29 4 

6 84 25 34 4 

However, such precipitation of corrosion products cannot easily happen in the 

human body as the material would be located in a fluctuating fluid, on the contrary 

of the stagnant solution used for this study, and is therefore not of concern. 
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6.4 Growth of endothelial cells 

In order to assess to usability of the modified Nitinol in cardiovascular applica-

tion, EA.hy926 endothelial cells have been grown on Bare-NiTi, HT-NiTi, 

BUPA/C10P-NiTi and PMPC-NiTi. 

Figure 6.1 depicts the adhering living EA.hy926 endothelial cells onto on each 

kind of modified Nitinol substrates after 24h, 48h or 72h, whereas the number of 

so-detected cells is presented in Table 6.5.  

 

Figure 6.1. Living EA.hy926 endothelial cells observed by fluorescence microscopy on Bare-

NiTi, HT-NiTi, BUPA/C10P-NiTi and PMPC-NiTi. 

Despite they point out to an increase in the number of adhering cells with 

exposure time, those results do not indicate any significative difference between 
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Bare-NiTi, HT-NiTi, BUPA/C10P-NiTi and PMPC-NiTi over their ability to grow 

endothelial cells, which is probably due to the absence of any medical drug into the 

organic coating which would prevent from cell premature death. 

Table 6.5. Number of living EA.hy926 endothelial cells observed by fluorescence 

microscopy on Bare-NiTi, HT-NiTi, BUPA/C10P-NiTi and PMPC-NiTi.  

Time (hours) Bare-NiTi HT-NiTi BUPA/C10P-NiTi PMPC-NiTi 

24 68 ± 25 54 ± 30 49 ± 15 17 ± 4 

48 95 ± 30 59 ± 31 63 ± 21 66 ± 58 

72 132 ± 63 138 ± 42 148 ± 37 174 ± 65 
 

6.5 Conclusions 

This chapter focused on the evaluation of bare and modified Nitinol substrates 

in biological media, especially through corrosion measurements and human endo-

thelial cells growth. 

First, it has been proven by the open-circuit potential as well as by the evalu-

ated amount of released nickel ions that each modification step leads to an addi-

tional improvement of Nitinol corrosion resistance in human blood plasma simu-

lated fluid. It was also demonstrated that a temporary passivation phenomenon 

occurs due to the precipitation of corrosion products. However, this phenomenon 

won’t be possible in the context of cardiovascular stents as blood flow would clear 

them out. 

Second, a first attempts of human EA.hy926 endothelial cells growth was un-

successfully performed on Bare-NiTi, HT-NiTi, BUPA/C10P-NiTi and PMPC-NiTi, 

thus attesting their inefficiency for cardiovascular applications. This could be im-

proved by modifying the architecture of the polymer coating, as well as by incor-

porating drugs of interest. So far, further improvement of the coating is thus still 

required. 
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7.1 Introduction 

Chapter 5 was devoted to the use of mixed monolayers resulting from the co-
adsorption of two organophosphonic acid derivatives differing in length and/or ter-
minal functional groups to improve the corrosion resistance as well as the layer 
organization. However, despite it is efficient, this methodology also has some incon-
venient. First, it is difficult to predict the organization of the so-formed layer. Sec-
ond, it is impossible to control the distribution of both molecules and to insure the 
homogeneity of the coating.  

The present exploratory work investigates the grafting on NiTi of short tail 
mono- and bisphosphonic acid derivatives, which could be an alternative to the 
mixed monolayers approach, to find the most efficient anchoring group to be used 
in molecules of biological interests. For this purpose, surface modifications based 
on bisphosphonic acid derivatives (i.e. (methylimino)dimethylene-bisphophonic 
acid, MIP2) and (1-hydroxyethylidene-1,1-diphosphonic acid, HEP2)) have been 
studied both by conventional (CH) and electro-assisted (EG) grafting approaches 
and compared to a monophosphonic acid derivative (methylphosphonic acid, C1P) 
(Figure 7.1). 

 

Figure 7.1. Schematic representation of the surface modification of Nitinol (NiTi) by con-
ventional (CH) or electro-assisted (EG) grafting of phosphonic acid derivatives. 

Subsequently, the second part of this chapter is devoted to the application of 
the best anchoring group to a classical molecule used for the elaboration of SAMs. 
Among the most classical molecules used for the elaboration of SAMs contains 
between 8 and 14 carbons alkyl chains to insure the interactions between the chains 
and the best efficiency. In this context, coatings made of bisphosphonic acid 
derivative with a 12-carbons alkyl chain, i.e. (dodecylimino)dimethylene-
bisphopshonic acid (DIP2 - Figure 7.2a) is investigated and compared to the 
classical 1-dodecylphosphonic acid (C12P - Figure 7.2b). 
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Figure 7.2. Chemical structures of (dodecylimino)dimethylene-bisphopshonic acid (a) and 
1-dodecylphosphonic acid (b). 

7.2 Experimental section 

7.2.1. Conventional grafting of organophosphonic derivatives on Nitinol 

The thermally assisted grafting (CH) on HT-NiTi is achieved by its immersion 
(1 h at 90°C) in 20 mL of 1 mM of the organophosphonic derivative (C1P, MIP2 or 
HEP2) aqueous solution.1 The substrates are then ultrasonically cleaned in dena-
tured ethanol for 15 min before being blown dried under nitrogen. 

7.2.2. Electro-assisted grafting organophosphonic derivatives on Nitinol 

Solutions (20.0 mL) composed of 1 mM of the organophosphonic derivative 
(C1P, MIP2, HEP2, C12P or DIP2) and 10 mM KNO3 are prepared in ultra-pure 
milli-Q water. Electroassisted grafting (EG) on HT surface is obtained by immer-
sion of the substrate in the solution for 10 min, under a voltage of 1.2 V vs a 
saturated calomel electrode (SCE).1 

7.3 Mono-vs bisphosphonic anchoring group 

C1P, HIP2 and MIP2 are used to assess the grafting efficiency on the hydrother-
mally treated NiTi (HT) via the conventional (CH) and the electro-assisted (EG) 
processes with a particular attention on the anchoring group size impact on NiTi 
corrosion resistance. The footprint size, estimated from molecular modelling (Figure 
7.4), of the monophosphonic C1P and the bisphosphonic derivatives, HIP2 and MIP2, 
are 2.8, 6.1 or 8.4 Å, respectively. These molecules are grafted on HT NiTi plates 
by the conventional (CH) and electro-assisted (EG). 

 
Figure 7.3. Simulated structures and estimated width of C1P, HEP2 and MIP2. 
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In Figure 7.5 are given the water contact angle (WCA) values.  It is observed 
that, comparatively to HT and irrespective of the modification process (CH and 
EG), these values are slightly higher in the case of C1P and MIP2 and similar (or 
slightly smaller) for HEP2. This is consistent with the presence of the -OH and of 
the -CH3 head group carried out by HEP2 and by C1P and MIP2, respectively (Fig-
ure 1). Moreover, the similar contact angle between the oxidized surface (EG0 – 
22.2° ± 2.7°) and HEP2-covered NiTi (22.2° ± 4.6°) can be explained by the pres-
ence of -OH group on HEP2 and the potential hydroxylation of the oxide layer 
through EG0.  

 
Figure 7.4. Water contact angles for HT NiTi, C1P, MIP2 and HEP2. 

XPS analyses performed on HT, C1P, MIP2 and HEP2 confirm the successful 
modification of HT NiTi through the appearing signal of P2p and through the 
general shape of the obtained spectra for C1s core level as presented in Figure 7.5. 
These samples exhibit peaks at similar energies but with higher intensities in the 
case of modified NiTi with organophosphonic derivatives, indicating a successful 
organic modification of the surface alloy. The peaks at energies of 285, 286.5, 287.7 
and 289.1 eV correspond respectively to carbon atoms involved in C-H/C-C, C-
O/C-P/C-N, C=O, and O-C=O bonds present in the grafted molecules and contri-
butions from atmospheric contaminations. The increase of the peak at 286.5 eV is 
particularly noticeable in the case of EG-MIP2 and EG-HEP2. XPS Ti2p and Ni2p 
core-levels for CH and EG, whatever the grafted molecule, are consistent with the 
CG0 and EG0 results, namely the metallic components of the Ti2p and Ni2p peaks 
are drastically reduced in the case of the EG treatment.  

The amount of NiTi is evaluated considering the total concentration of detected 
nickel and titanium (metallic and oxidized). The P/NiTi ratios are used to evaluate 
the amount of organic molecules grafted on NiTi surface. The evolution of these 
ratios (Table 7.1) first attests for a better grafting efficiency (higher P/NiTi ratios) 
for the EG process. The presence of more phosphonic groups and thus more nega-
tive charges on the MIP2 and HEP2 molecules promotes their migration towards 
the anodically polarized sample. 
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Figure 7.5. XPS core level spectra of P2p, C1s, Ti2p and Ni2p for HT NiTi, C1P, MIP2 and 
HEP2. 

Table 7.1. XPS atomic ratios for HT-NiTi and C1P-NiTi, MIP2-NiTi and HEP2-NiTi. 

Sample P/NiTi O/NiTi Ni/NiTi Ti/NiTi 

HT - 4.27 ± 0.70 0.15 ± 0.01 0.85 ± 0.01 

C1P (CG) 0.02 ± 0.01 2.65 ± 0.56 0.18 ± 0.04 0.82 ± 0.04 

C1P (EG) 0.05 ± 0.01 3.12 ± 0.21 0.13 ± 0.02 0.87 ± 0.02 

MIP2 (CG) 0.09 ± 0.01 2.83 ± 0.23 0.21 ± 0.03 0.79 ± 0.03 

MIP2 (EG) 0.14 ± 0.02 3.92 ± 0.36 0.15 ± 0.02 0.85 ± 0.02 

HEP2 (CG) 0.08 ± 0.01 2.80 ± 0.23 0.30 ± 0.03 0.70 ± 0.03 

HEP2 (EG) 0.12 ± 0.02 3.51 ± 0.90 0.15 ± 0.02 0.85 ± 0.02 
 

Those results also attest for the formation of denser layers with bisphosphonic 
than with monophosphonic molecules (Figure 7.6). For the modification with or-
ganophosphonic derivatives (Table2), the Ni/NiTi ratios (0.13-0.15) are lower and 
O/NiTi (3.12-3.92) ratios are higher for EG comparatively to CH. Ni/NiTi ratios 
for CH process are even higher (0.18) than for the HT treatment (0.15).  

 

Figure 7.6. Schematic representation of the C1P, HEP2 and MIP2 coatings obtained on HT 
NiTi. 
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The difference in the oxide layer composition between CH and EG processes 
and the nature of the grafting organophosphonic molecule have a synergetic effect 
and impact on NiTi corrosion resistance.  

Figure 7.7 shows a significant difference between CH and EG, in particular in 
the anodic currents, which are quite similar to HT for CH samples while a huge 
decrease is noticed for the EG process. In Table 7.2 are listed the corrosion current 
densities, the corrosion potentials and inhibition efficiencies for all NiTi treatments. 
In particular it shows the superiority of C1P and MIP2 made by EG, which confer 
to HT-NiTi a very good corrosion protection highlighted by an inhibition efficiency 
around 95%.  

Figure 7.7. Representative polarization curves for HT NiTi, C1P, MIP2 and HEP2 samples 
in 0.5 M NaCl at a scan rate of 1 mV s-1. 

Table 7.2. Values of Ecorr, jcorr, IE and BF for HT NiTi, C1P, MIP2 and HEP2 samples 
(obtained by LSV and CV). 

Sample 
Ecorr vs SCE 

(mV) 
jcorr (nA cm-2) IE (%) BF (%) 

HT -284 ± 88 103.6 ± 22.2 - - 

C1P (CG) -392 ± 20 8.5 ± 2.6 91.8 ± 2.1 12.5 ± 3.2 

C1P (EG) -189 ± 10 5.4 ± 1.6 94.8 ± 1.5 97.2 ± 0.5 

MIP2 (CG) -463 ± 29 16.6 ± 2.6 83.9 ± 2.5 2.4 ± 0.4 

MIP2 (EG) -371 ± 56 6.1 ± 2.4 94.1 ± 2.4 95.9 ± 2.9 

HEP2 (CG) -354 ± 11 15.5 ± 2.6 85.1 ± 2.5 4.9 ± 1.1 

HEP2 (EG) -182 ± 3 15.3 ± 0.9 94.9 ± 0.9 97.5 ± 0.5 

The alteration of the oxide layer within the CH process, which results in par-
ticular in an increase of Ni content (Table 7.1), is confirmed by cyclic voltammetry 
(CV) measurements (Figure 7.8). The first CV cycles obtained for the CH-(C1P, 
MIP2 and HEP2) show a larger oxidation peak, corresponding to higher oxidation 
amount of Ti comparatively to HT-NiTi and to the reappearance of Ni2+ to Ni3+ 
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oxidation peak, which is more detectable in the case of CH-(HEP2). Higher blocking 
factor (BF) are obtained for EG up to 98.4 %, resulting from a very low anodic 
current density and the absence of a nickel oxidation peak. CV, LSV and XPS 
results confirm the effectiveness of the electro-assisted grafting process (EG) what-
ever the organophosphonic derivative. 

 

Figure 7.8. Representative first cycle of cyclic voltammograms for HT NiTi, C1P, MIP2 and 
HEP2 samples in 0.1 M NaOH at a scan rate of 20 mV s-1. 

7.4 Transposition to derivatives bearing alkyl chains 

7.4.1. Methylphosphonic vs. dodecylphosphonic derivatives 

The second part of this chapter is devoted to the study of the electro-assisted 
grafting of (dodecylimino)dimethylene-bisphopshonic acid (DIP2) and 1-
dodecylphosphonic acid (C12P) on HT-NiTi. These are compared to MIP2 and C1P. 

First, the water contact angles point out to a decreased hydrophilicity of the 
surface after its modification by C12P and DIP2, with respective values of 96.5° ± 
0.6° and 74.6° ± 2.2°. These values are higher to that of HT-NiTi (32.0°) and MIP2 

(41.0°) due to the presence of the hydrophobic alkyl chain. Furthermore, DIP2 
appears to be more hydrophylic than C12P, which results from the spacement 
between the alkyl chains, and the subsequent interdigitation of molecules within 
the layer (Figure 7.10). 

 
Figure 7.9. Schematic representation of the interdigitation phenomenon. 
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The grafting efficiency of C12P and DIP2 is confirmed by XPS. The 
corresponding P/NiTi ratio (Table 7.3) indicates an increased amount of grafted 
molecules, with values increasing from 0.05 and 0.14 to respectively 0.11 and 0.25.  

Table 7.3. XPS atomic ratios for HT-NiTi and C1P-NiTi, MIP2-NiTi and HEP2-NiTi. 

Sample P/NiTi O/NiTi Ni/NiTi Ti/NiTi 

HT - 4.27 ± 0.70 0.15 ± 0.01 0.85 ± 0.01 

C1P 0.05 ± 0.01 3.12 ± 0.21 0.13 ± 0.02 0.87 ± 0.02 

MIP2  0.14 ± 0.02 3.92 ± 0.36 0.15 ± 0.02 0.85 ± 0.02 

C12P 0.11 ± 0.03 3.14 ± 0.17 0.18 ± 0.04 0.82 ± 0.04 

DIP2 0.25 ± 0.01 3.21 ± 0.09 0.16 ± 0.01 0.84 ± 0.01 
 

The presence of alkyl chain thus further improve the grafting efficieny of both 
mono- and bisphosphonic anchoring groups. In both cases, the presence of a second 
anchoring group onto the molecule improves the grafting efficiency and remains of 
interest. The composition of the surface in O, Ni and Ti is not affected. 

This increased amount of grafted molecules seen for C12P and DIP2 impacts 
NiTi corrosion resistance, as expressed by the decreased corrosion current densities 
(Figure 7.10 and Table 7.4). 

 
Figure 7.10. Representative polarization curves for HT-NiTi, C12P and DIP2 in 0.5 M NaCl 
at a scan rate of 1 mV s-1. 

Table 7.4. Values of Ecorr, jcorr and IE for HT-NiTi, C1P, C12P, MIP2 and DIP2. 

Sample Ecorr vs SCE (mV) jcorr (nA cm-2) IE (%) 

HT -284 ± 88 103.6 ± 22.2 - 

C1P -189 ± 10 5.4 ± 1.6 94.8 ± 1.5 

MIP2  -371 ± 56 6.1 ± 2.4 94.1 ± 2.4 

C12P -415 ± 6 2.4 ± 0.5 96.4 ± 0.1 

DIP2 -388 ± 14 2.2 ± 0.6 96.8 ± 0.2 



Chapter 7 

112 

 

7.4.2. Repulsion of non-grafted incorporated molecules 

To prevent the incorporation of non-grafted molecules within C12P and DIP2  
monolayers, a negative polarization of -0.5 V vs SCE is applied for 5 minutes to 
the NiTi substrate subsequently to the grafting in order to repulse the incorporated 
molecules. The obtained WCA (Figure 7.11a) confirm the presence of incorporated 
DIP2 molecules within the layer, as well as the efficiency of their repulsion with an 
increased value of 93.3°, typical of aliphatic chains. However, no difference is seen 
in the case of C12P, as no molecule can be intercalated due to the denser formed 
layer. These observations are further confirmed by a the XPS P/NiTi ratios, with 
similar amount a detected molecules of C12P, but lower molecules of DIP2 after 
repulsion. 

  

Figure 7.11. Water contact angles (a) and P/NiTi XPS atomic ratio (b) for HT-NiTi, and 
C12P or DIP2 (before and after repulsion) in 0.5 M NaCl at a scan rate of 1 mV s-1. 

The effect of the molecule repulsion on the corrosion resistance of NiTi is finally 
studied by LSV (Figure 7.12). Despite it does not affect the behaviour of C12P, the 
repulsion process improved DIP2-NiTi corrosion resistance with an inhibition effi-
ciency increasing from 96.8 to 98.3%, which is due to a less hydrophilic behaviour. 

 

Figure 7.12. Representative polarization curves for HT-NiTi, and C12P or DIP2 (before and 
after repulsion) in 0.5 M NaCl at a scan rate of 1 mV s-1. 
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7.5 Conclusions 

Conventional (CH) and electro-assisted (EG) grafting of three organophos-
phonic derivatives (C1P, MIP2 and HEP2) with one or two anchoring groups have 
been compared. 

The electro-assisted process, achieved in 10 min and at room temperature by 
anodic polarization of HT-NiTi has shown to impact the oxide layer composition 
as well as the organophosphonic derivatives grafting reaction. 

XPS results obtained for EG (C1P, MIP2 and HEP2) point to a successful sur-
face modification by C1P, MIP2 and HEP2, as well as a reinforcement of the oxide 
layer. The use of molecules with larger footprint size increases the grafting rate and 
leads to the formation of denser layers, thanks to the presence of more partially 
negative charge on the molecules. 

The impact of the nature of the molecule and the grafting process assessed by 
electrochemical techniques (LSV and CV) confirm the superiority of the EG process 
over the CH process. It leads to an enhancement of the corrosion resistance and to 
the formation of a more blocked surface. EG process has two synergetic impacts, 
the reinforcement of the oxide layer and the high grafting efficiency of the organo-
phosphonic derivatives. By contrast, the conventional grafting (CH) leads to a 
slight decrease of the corrosion resistance and an increase of Ni surface content. 
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8.1 General conclusions 

This aim of this thesis was to improve the surface properties of Nitinol, a 

nickel/titanium alloy of great interest for biomedical applications such as cardio-

vascular stent. Indeed, despite it exhibits outstanding properties, e.g. heat, impact 

and corrosion resistance, high fatigue strength or shape memory, the use of Nitinol 

is still hampered by nickel inclusions. In this context, the main objectives are, on 

one hand, to improve Nitinol corrosion resistance (especially in physiological con-

ditions) and on another hand, to ease its biointegration and prevent side reactions 

such as inflammation.  The strategy investigated within this work relied on a mul-

tistep surface modification process: (1) the hydrothermal reinforcement of the na-

tive oxide layer; (2) the elaboration of a protective initiating monolayer; and (3) 

the polymerization of 2-methacryloyloxyethyl phosphorylcholine, a biocompatible 

monomer of huge interest. 

The first part of the work (Chapter 3) was dedicated to the study of the impact 

of a hydrothermal treatment of Nitinol native oxide layer over its corrosion re-

sistance, its composition, its thickness and its stability over time. The results ob-

tained from linear sweep voltammetry, cyclic voltammetry, scanning electrochemi-

cal microscopy, and electrochemical impedance spectroscopy pointed out the in-

creased passivity and resistivity of the oxide layer, thus noticeably improving the 

material resistance. Furthermore, it has been proven by X-ray photoelectron spec-

troscopy that the composition of Nitinol surface was chemically reinforced in TiO2 

and depleted of Ni after such treatment, which is a further improvement and should 

decrease the risks of corrosion and prevent from the release of Ni2+. However, even 

if the hydrothermal treatment of Nitinol has been proven to be beneficial for its 

corrosion resistance, the implementation of Nitinol in biomedical fields is still con-

troversial and further surface modifications, e.g. the elaboration of protective or-

ganic coatings, are still required. 

Based on that, the second modification step consisted in elaborating an organic 

coating that could further protect the material from corrosion, at the same time as 

enable to subsequent surface-initiated polymerization of monomer of biomedical 

interest, e.g. 2-methacryloyloxyethyl phosphorylcholine. For this purpose, the use 

of phosphonic-made self-assembled monolayers has been considered, and improved. 

The first attempt of improvement was based on the use of a thermal or an electro-

chemical assistance for the grafting of 11-(2-bromoisobutyrate)-undecyl-1-phos-

phonic acid, a phosphonic derivative bearing an ATRP initiating moiety (Chapter 

4). Despite both thermal (by conventional and magnetic induction heating) and 

electrochemical assistance were proven to increase the grafting rate of the molecules 

as well as an improvement of the surface resistance by using shorter modification 
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times, it was demonstrated that in the case of sensitive molecules such as BUPA, 

only the electrografting efficiently preserved the ATRP initiating group, as proven 

by XPS results and by the efficient subsequent polymerization of 2-(dimethyla-

mino)ethyl methacrylate (DMAEMA), a model monomer. Among all the tested 

conditions, the best grafting of BUPA was achieved by 5 minutes of electrochemi-

cally (EC) assisted self-assembly at RT, making the electrografting a good alterna-

tive for fast self-assembly of sensitive molecules such as BUPA.  

However, BUPA initiating functions are quite bulky and may lead to disordered 

and less protective layers. To improve the quality of the monolayer, the use of 

mixed monolayers resulting from the co-adsorption of two organophosphonic acid 

derivatives differing in length and/or terminal functional groups has been consid-

ered using decylphosphonic acid as a spacer (Chapter 5). Among the tested 

BUPA/C10P proportions, the use of small amount of BUPA, especially 20%, in the 

layer has been proven by XPS to improve the grafting efficiency by increasing the 

amount of grafting molecule and leading to denser layer. The anti-corrosion prop-

erties of the material as well as its passivity were also improved, as proven by linear 

sweep voltammetry, cyclic voltammetry and scanning electrochemical microscopy. 

Such organic layer was then used to successfully trigger the surface-initiated 

polymerization of 2-methacryloyloxyethyl phosphorylcholine (MPC). Images ob-

tained by scanning electron microscopy, as well as SECM measurements evidenced 

the non-uniformity of the PMPC coatings for time lower than 6 h. 

To ensure the usability of the so-formed coated Nitinol for cardiovascular ap-

plications, its behaviour in human blood plasma body simulated fluid was investi-

gated for different immersion time (Chapter 6). Each modification step was shown 

to further improve Nitinol corrosion resistance, as the open-circuit potentials keep 

decreasing step after step. As a consequence, less and less nickel ions are released 

in the solution as expected. Another key point to validate the modification process 

is to ensure the ability of human endothelial cells to the surface of the material. 

For this purpose, a first attempts of EA.hy926 endothelial cells growth was per-

formed on Bare-NiTi, HT-NiTi, BUPA/C10P-NiTi and PMPC-NiTi. However, de-

spite an increased amount of adhering living cells was noticed with time, no signif-

icant difference between the different materials was observed so far. Further im-

provement of the coating is thus mandatory, e.g. by modifying the architecture of 

the polymer coating, as well as by incorporating drugs of interest.  

 Finally, an alternative to mixed monolayers was investigated by using 

bisphosphonic acid derivatives (Chapter 7). As a proof of concept, the grafting of 

short tail mono- and bisphosphonic acid derivatives was performed and compared. 

In all cases, the corrosion resistance of Nitinol appeared enhanced, with a more 
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blocking layer. Surprisingly, the higher grafting rate was obtained for the molecule 

with the largest anchoring group.  

8.2 Perspectives 

The present thesis set up the basis for new perspectives, in biomedical and 

cardiovascular fields, but also as a convenient tool for surface modifications of oxi-

dizable metals. 

The first required investigation consists in statistically studying the cell growth 

of endothelial cells over more than 3 samples. Indeed, in the case of cell cultures, 

the use of triplicates is not enough to obtain statistically reliable results and might 

hide tendencies.  

The most obvious continuity of this work would be to improve the quality of 

the organic coating and to enable its reendothelialization in human arteries. For 

this purpose, a first conceivable idea would rely on the elaboration of a more com-

plex polymer and the subsequent intercalation of medical drugs of cardiovascular 

interest, e.g. an immunosuppressive agent to prevent the accumulation of anti-

inflammatory cells. The key point would be to enable the time-controlled drug 

release of such agent directly on the inflamed site, and for a defined time. For this 

purpose, three kind of polymer coatings could be considered (Figure 8.1). First, a 

co-monomer, e.g. ethylene glycol dimethacrylate, could be used to elaborate a cross-

linked coating into which the drug could be intercalated, and progressively released 

into the inflamed artery after natural degradation of the polymer by the blood 

plasma (Figure 8.1a). The second possibility relies on the use of a responsive poly-

mer that could deploy themselves and release the drug following an external signal 

(such as an increase of temperature, or an UV irradiation) (Figure 8.1b). Depending 

on the medical requirements to cure the patient, a combination of both cross-linked 

and responsive polymer could be used to enable the differential release of different 

drugs (Figure 8.1c). 

 

Figure 8.1. Schematic representation of polymer coatings of potential medical interest: (a) 

crosslinked system, (b) stimuli-responsive polymer, and (c) combination of crosslinked and 

stimuli-responsive coatings. 
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A second perspective of this work would be to generate SI-ATRP initiating 

sites from monolayers made of bisphosphonic derivatives (Figure 8.2a). The use of 

such layer as an alternative to mixed monolayers should allow a more uniform 

distribution of the initiating sites on the surface and thus ease the polymerization. 

It should also be possible to graft a more general molecule, e.g. bearing a terminal 

-OH group, that could be use for a subsequent functionalization with a variety of 

initiating groups for specific polymerization, thus prevent from the degradation of 

sensitive molecules during the grafting process (Figure 8.2a). 

 

Figure 8.2. Schematic representation of (a) bisphosphonic-made SI-ATRP monolayer and 

of (b) -OH terminated bisphosphonic monolayer. 

A last perspective would be to improve the polymerization process, and decrease 

the amount of required CuBr catalyst. Indeed, despite it was proven in chapter 4 

that no copper was detected in PDMAEMA, CuBr might have affinity with other 

polymers and its presence in the layer could be detrimental for biomedical applica-

tions. For this purpose, the use of electrochemistry could be considered. Indeed, one 

of the most recent process derived from ATRP rely on the regeneration of the 

catalyst be electro-assisted reduction of CuBr2, thus allowing the use of much less 

catalyst into the polymerization solution. 
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A.1 Substrates and chemicals 

Table A.1. List of chemicals used for the pre-treatment of Nitnol. 

Chemical Purity (%) 

Nitinol (Ni 56%/Ti 44%; 20 x 10 x 0.3 mm3) AMF 
MetaDi® UltraDiamond Paste (9 µm) Buehler 

MetaDi® Fluid Buehler 
MasterMetTM 2 Buehler 

Hydrogen peroxide (35 wt.% in water) Acros Organics 
 

Table A.2. List of chemicals used for the surface modification of Nitinol. 

Chemical Purity (%) Provider 

1,1,4,7,10,10-Hexamethtyltriethylenetetramine 97 Aldrich 
11-(2-Bromoisobutyrate)-undecyl-1-phosphonic acid        ≥ 97 Sikémia 

1-Hydroxyethylidene-1,1-diphosphonic acid   98.5 Acros Organics 
2-(Dimethylamino)ethyl methacrylate 98 Aldrich 

2-Methacryloyloxyethyl phosphorylcholine 97 Sigma-Aldrich 
Copper bromide 99 Aldrich 

Decylphosphonic acid 98 abcr 
Potassium nitrate 99 Chemlab 

(Methylamino)dimethylene-bisphosphonic acid 98 Specific Polymer 
Methylphosphonic acid 98 Sigma-Aldrich 

Tris[2-(dimethylamino)ethyl]amine 97 Aldrich 
 

Table A.3. List of chemicals used for the analysis solutions. 

Chemical Purity (%) Provider 

Ferrocenemethanol 97 Aldrich 
Sodium chloride ≥ 99.5 Fluka 

Sodium hydroxide  98.5 Acros Organics 
 

Table A.4. List of the used solvents. 

Chemical Purity (%) Provider 

Diethyl ether HPLC grade Lab-Scan 
Dried tetrahydrofuran - - 

Disolol ≥ 99.5 Fluka 
Technisolv 99 VWR 

Ultra-pure (Milli-Q) water 18.2 mΩ cm - 
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Table A.5. List of chemicals used for the preparation of the blood plasma body simulated 
fluid solution. 

Chemical Purity (%) Provider 

Calcium chloride 96 Acros Organics 
HEPES        ≥ 99.5 Sigma 

Magnesium chloride hexahydrate 99 Acros Organics 
Potassium chloride        ≥ 99.0 Sigma-Aldrich 

Potassium phosphate dibasic        ≥ 99 Acros Organics 
Sodium bicarbonate        ≥ 99 Acros Organics 

Sodium carbonate decahydrate        ≥ 99 ucb 
Sodium sulfate 99 Janssen Chimica 

A.2 Supporting information 

A.2.1. Chapter 4 

  

Figure A.1. PM-IRRAS spectrum of NiTi 
modified by immersion in a solution of 1 mM 
BUPA in ultrapure milliQ water under con-
ventional heating at 90°C for 1 h. 

Figure A.2. XPS core spectrum for Br3s 
component obtained for NiTi modified by 
immersion in a solution of 1 mM BUPA 
in ultra-pure milliQ water at room tem-
perature or under conventional heating at 
90°C. 
 

 
Figure A.3. PM-IRRAS spectrum of hydrothermally treated NiTi modified by SI-ATRP of 
1.5 M DMAEMA in solution in THF in presence of 13.9 mM CuBr and 1.39 mM HMTETA 
for 1 hour at 60°C. 
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Figure A.4. XPS core spectrum for C1s, N1s, Ni2p and Ti2p obtained for hydrothermally 
treated NiTi modified by SI-ATRP of 1.5 M DMAEMA in solution in THF in presence of 
13.9 mM Cubr and 1.39 mM HMTETA for 1 hour at 60°C. 

 

 

Figure A.5. XPS C/NiTi (A) and PM-IRRAS spectra (B) of BUPA covered NiTi susbtrates 
modified by SI-ATRP of 1.5 M DMAEMA in solution in THF in presence of 13.9 mM Cubr 
and 1.39 mM HMTETA for 1 hour at 60°C 
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A.2.2. Chapter 5 

Figure A.6. XPS C/NiTi (A) and PM-IRRAS spectra (B) of BUPA covered NiTi susbtrates 
modified by SI-ATRP of 1.5 M DMAEMA in solution in THF in presence of 13.9 mM Cubr 
and 1.39 mM HMTETA for 1 hour at 60°C 

 

 

Figure A.7. XPS C/NiTi (A) and PM-IRRAS spectra (B) of BUPA covered NiTi susbtrates 
modified by SI-ATRP of 1.5 M DMAEMA in solution in THF in presence of 13.9 mM Cubr 
and 1.39 mM HMTETA for 1 hour at 60°C 

 

 

Figure A.8. XPS C/NiTi (A) and PM-IRRAS spectra (B) of BUPA covered NiTi susbtrates 
modified by SI-ATRP of 1.5 M DMAEMA in solution in THF in presence of 13.9 mM Cubr 
and 1.39 mM HMTETA for 1 hour at 60°C 
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A.3 An introduction to magnetic induction heating 

A.3.1. Principle 

Magnetic induction heating (MIH) is a process bas on electromagnetic induction 
and used to locally heat electrically conducting materials in presence of a time-
variable magnetic field in a direct and contactless way.1 It is therefore an efficient 
tool in surface science, where it is used to activate physico-chemicals process at the 
surface of materials.2–4 

The principle of MIH relies on Faraday’s and Lenz laws of induction that re-
spectively states that: “The induced electromotive force (�) in a closed circuit is 
proportional to the time rate of change of the magnetic flux (��) enclosed by this 
circuit”, and “The polarity of the induced emf is such that it opposes the cause of 
its production”. In the case of a N-spires solenoid, the Emf is thus given by the 
adapted Lenz-Faraday relation (Eq. A.1.). 

 � = −� 	��	
  (Eq. A.1.) 

The time-variable magnetic field (Figure A.9a) generated from alternative cur-
rents (AC) can be used to induce local Eddy currents within electrically conducting 
materials (Figure A.9b) and trigger their heating by Joule effect (Figure A.9c). The 
produced energy (W) by those current (I) through the conducting material of elec-
trical resistance (R) during a determined time (t) is given by the relation (Eq. A.2.): 

 � = �2
 (Eq. A.2.) 

 
Figure A.9. Schematic representation of magnetic induction heating: generation of a time-
variable magnetic field (a), induction of Eddy currents into the metal (b), and heat produc-
tion by Joule effect (c). 

A.3.2. Skin effect 

In the case of AC currents, the eddy current density and the resulting heat 
distribution is not uniform within the material’s cross-section. This results from an 
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electromagnetic phenomenon called skin effect. According to this, the induced Eddy 
currents will mainly flow in the surface layer (with about 86 of the induced power). 
1,5 The distribution of the current density ( in A m-2) along the material thickness 
can be evaluated thanks to its relation with the current density at the surface (0 
in A m-2), the distance from the surface (� in m) and the penetration depth (� in 
m) (Eq. A.3.).1 

  = 0�−� �⁄  (Eq. A.3.) 

The skin effect is characterized by the penetration depth, defined as the dis-
tance below the surface where the current density falls to 37 of its value at the 
surface (Figure A.10). The corresponding power density is retained at 14 (as power 
relates to current as RI2 ). About 63 of the current and 86 of the induced power is 
thus concentrated within a surface layer of thickness �.1,5 

 

Figure A.10. Current density distribution due to skin effect (adapted from Rudnev et al.).1,5 

This penetration depth (� in m) varies according to the electrical resistivity (� 
in Ω m), the frequency (� in Hz), and the relative magnetic permeability (��) (Eq. 
A.4.).1,5 

 � = 503√ �
��� (Eq. A.4.) 

Considering the �  and ��  values for Nitinol (respectively 82 µΩ cm and 
1.002),6,7 the penetration depth (�) for Nitinol can be estimated to a value of 1.0 
mm. 

A.3.3. Hysteresis loss 

When a ferromagnetic material (like nickel) is submitted to induction heating, 
an additional heating mechanism takes place resulting from the existence of mag-
netic domains, called Weiss domains. When these materials are exposed to the time-
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variable magnetic field, they are rapidly magnetized and de-magnetized, thus caus-
ing considerable friction and heating inside the material. 

Hysteresis loss is thus characterized by the conversion of electromagnetic energy 
into thermal energy when these domains are rearranged during the hysteresis cycle. 
For the majority of materials, the heating effect due to hysteresis losses does not 
typically exceed 9–12% and for through hardening – 6–8% compared to the amount 
of heat generated by the eddy current (Joule heat).1,5 

Note that ferromagnetic materials lose their magnetic properties when heated 
above the Curie temperature. This temperature (or Curie point) is the temperature 
at which a ferromagnetic material becomes paramagnetic on heating. Above the 
Curie point, any further heating of the material must be due to induced eddy cur-
rent alone.1,5 

A.4 Characterization techniques 

A.4.1. Water contact angle measurements 

The ability of a liquid to spread onto a solid surface, called wettability, can be 
represented by the contact angle   defined as the angle between the solid surface 
and the tangent of the liquid surface (Figure A.11).8 

 

Figure A.11. Schematic representation of the contact angle formed at the equilibrium by a 
liquid droplet onto the surface of a solid.  

Practically, once in contact with the surface, the liquid droplet will spread 
spontaneously until it reaches its equilibrium configuration (Figure A.11).9 The 
resulting contact angle ( ) is related to the solid/liquid (γSL), solid/vapor (γSV) and 
liquid/vapor (γLV) interfacial tensions by the Young equation (Eq. A.5.).8–10 

 cos  = %&' − %&(%('
 (Eq. A.5.) 

The hydrophilicity or -phobicity of a material can thus be evaluated by the 
contact angle measurements of a water droplet. Four different cases exist depending 
on the surface tension: 
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(1) γSV >> γSL θ = 0° Perfect wettability: perfectly hydrophilic 
surface 

(2) γSV > γSL 0° < θ < 90° Good wettability: hydrophilic 

(3) γSV < γSL 90° < θ < 180° Poor wettability: hydrophobic surface 

(4) γSV << γSL θ = 180° No wettability: perfectly hydrophobic sur-
face 

A.4.2. Scanning electron microscopy 

Scanning electron microscopy (SEM) is an imaging technique based on the elec-
trons-material interactions widely used to image and analyse the morphology of 
conducting specimen. In a typical SEM, an electron beam (whit an energy typically 
ranging from 0.1 to 50 keV) is emitted from an electron gun and deflected to scan 
the sample surface in two dimensions.11,12 

The signal collected from the interaction between the primary electron beam 
and the sample is the results of an electron diffusion inside the material (Figure 
A.12). This diffusion is due caused by a gradual loss of the electron energy as well 
as by a lateral spreading resulting from elastic large-angle scattering. Different in-
teraction processes thus exist: the emission of secondary (SE), backscattered (BSE) 
or auger (AE) electron, or even the diffusion of X-rays.11,13 

 

Figure A.12. Schematic representation of the interaction volume of primary electron beam 
with a surface.14 

In the case of SEM, the most common imaging mode is based on the emission 
of secondary electrons resulting from inelastic scattering interactions of the electron 
beam with the valence levels of the constitutive atoms (Figure A.13). The SE are 
known to have a relatively low kinetic energy, they will thus be detected only for 
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the atoms close to the sample surface, making them sensitive to the surface mor-
phology. Such electrons are used to generate a topographic picture of the observed 
area. 

 

Figure A.13. Schematic representation of the formation of secondary electron.  

Practically, a SEM requires different constituents (Figure A.14), mainly an elec-
tron optical system (consisting of an electron gun, a condenser lens and an objective 
lens) to produce an electron probe, a scanning coil to scan this electron probe,  a 
sample holder, a secondary-electron detector to collect the emitted secondary elec-
trons, and a display unit with an operative system.12,13 

 

Figure A.14. Schematic representation of a scanning electron microscope.12 

A.4.3. Spectroscopic techniques 

A.4.3.1. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy 
for chemical analysis (ESCA) is a spectroscopic technique based on the photoioni-
zation phenomenon widely used to investigate the surface composition of a material 
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by providing quantitative and chemical state information. Once the material is 
irradiated with a monochromatic X-ray beam, photons X can induce the ejection 
of an electron (called photoelectron) from an atom (Eq. A.6.).15,16 

 ) + ℎ, → )+ + �− (Eq. A.6.) 

where ℎ is Planck constant (6.62 10-34 J s) and , is frequency of the radiation (Hz). 

The principle of photoelectrons excitation/emission follows the conservation of 
energy principle (Eq. A.7.).16 

  .()) + ℎ, → .()+) + .(�−) (Eq. A.7.) 

The difference in energy between the ionized and neutral forms of the atom A 
corresponds to the binding energy (Eb), whereas the electron’s energy is present 
solely as kinetic energy (Ek) (Eq. A.8.). 16 

 .0 = ℎ, − (.1 + �) (Eq. A.8.) 

where � is the work function of the spectrometer (i.e. the energy required to remove 
an electron from a solid). 

By measuring the Ek of the emitted electrons, it is possible to determine the Eb 
of a core level photoelectron which gives information about the elements presents 
at the material’s surface, their chemical states, and their chemical environment.16  

After the emission of a photoelectron, the emitting atom is in an excited state. 
Two relaxation phenomena can then occur: the emission of an Auger electron (Fig-
ure A.15b) or the emission of X-rays (fluorescence - Figure A.15b). 

 

Figure A.15. Schematic representation of the photoionization process (a), the emission of 

Auger electron (b) or the emission of X-rays (c)(based on Watts et al.17). 
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In addition to the chemical information about the atoms present at the surface 
of a material, XPS can also provide quantitative information. The intensity of a 
photoelectron peak is indeed related to the number of atoms detected at the surface 
(N in cm-3), the ionization cross-section of the element (2), the mean free path of 
the photoelectron (3), the analysed area (A), the transmission function of the ana-
lyser (T) and all the instrumental factors (K) (Eq. A.9.). The product 423)5  
corresponds to a sensitivity factor (called Scofield factor – S) specific for the differ-
ent orbitals of each element, thus allowing the normalization of the measured in-
tensities. 

  = 4�23)5 = 6�  (Eq. A.9.) 

Due to the high specificity of the Scofield factor regarding the sample and the 
equipment, the quantification of the elements is commonly done using atomic ratios 
(Eq. A.10.). 

 7�
= 67�76���

 (Eq. A.10.) 

Figure A.16 schematically depicts the K-Alpha X-ray photoelectron spectrom-
eter system from ThermoFisher Scientific. The X-rays are produced from an alu-
minium anode. A quartz monochromator only allows the Al Kα line at 1486.6 eV. 
The emitted photoelectrons are collected by a hemispherical analyser measuring 
their kinetic energy at a take-off angle of 0° with respect to the normal surface.  

 

Figure A.16. Schematic representation of a K-Alpha XPS spectrometer.18 
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A.4.3.2. Polarization modulation-infrared reflection-adsorption spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) is widely used for studies of 
chemical composition of functional organic films exploiting the fact that molecules 
absorb the IR radiations at frequencies that are specific to the internal molecular 
vibrations of their chemical groups. Besides the conventional FTIR, specific surface-
sensitive methods , such as polarization modulation infrared  reflection absorption 
spectroscopy (PM-IRRAS), can provide high sensitivity for a small amount of or-
ganic molecules at metal surfaces.19 

PM-IRRAS presents a high sensitivity with regard to the detection of surface 
species on metals. This is due to a fast modulation of the incident beam (Figure 
A.17a) between a perpendicular (p - Figure A.17b) and a parallel (s - Figure A.17c) 
polarizations with respect to the surface.  

 

Figure A.17. Schematic representation of IRRAS (a) and of p (b) and s (c) polarized light.20 

Practically, the electromagnetic field of the incident IR beam interacts with the 
oscillating dipoles associated with the vibrational modes of the adsorbed molecules. 
Those dipoles can be decomposed into parallel (µ�⃗ //) and perpendicular (µ�⃗ �) dipoles. 

The electrical fields associated to those dipoles induce the appearance of image 
dipoles into the metallic surface. If the metal is illuminated at grazing angle with 
p-polarized light, µ�⃗ � is enhanced (Figure A.18a). Conversely, upon illumination 
with s-polarized light, µ⃗⃗⃗⃗//) nearly is compensated and nearly vanishes at the surface 

(Figure A.18b).21,22  

 

Figure A.18. Schematic representation of the reinforcement of perpendicular dipoles (a) and 
the compensation of parallel dipoles (b) by image dipoles. 

The reflectivity of s-polarized light (Rs) is thus insensitive to the presence of 
an organic film and can be used to obtain the background spectrum, while the 
reflectivity of p-polarized light (Rp) is sensitive to molecules present at the surface 
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and can be used to obtain the spectrum of the film.22  The differential surface 

reflectivity is thus evaluated by normalized difference between Rp and Rs (Eq. 
A.11.).22,23 

 =�
� = 2|�@ − �A|

(�@ + �A)  (Eq. 
A.11.) 

The obtained response does not contain any signal to absorption of atmospheric 
CO2 and H2O and only the surface species is detected. 

A.4.4. Electrochemical techniques 

Different electrochemical techniques can be used to characterize metallic mate-
rials: cyclic (CV) and linear sweep (LSV) voltammetry, electrochemical impedance 
spectroscopy (EIS) or scanning electrochemical microscopy (SECM). All electro-
chemical experiments (except SECM for which the equipment is presented in sec-
tion A.4.4.4) are carried out using a three-electrode cell with a controlled-analysis 
spot surface (0.28 cm2) on the sample (Figure A.19). NiTi substrates are used as 
the working electrode (WE), a platinum foil as the counter electrode (CE) and a 
saturated calomel electrode (SCE) as reference electrode (RE) with a potential 
E=0.2412 Vvs standard hydrogen electrode (SHE).24  

 

Figure A.19. Schematic representation of the electrochemical system used for the measure-
ments. 

A.4.4.1. Cyclic voltammetry 

Cyclic voltammetry (CV) is a potentiodynamic technique implying a linear and 
alternate variation of the working electrode potential between an initial (Ei) and a 
final (Ef) potentials while the current response is measured (Figure A.20a). This 
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method is widespread nowadays and can be used for the study of reactional mech-
anisms as well as for quantitative measurements.25,26 

 

Figure A.20. Schematic representations of the linear potential scan used for cyclic voltam-
metry (a) and of a typical voltammogram (b) (Ei = initial potential, Ef= final potential, Emax 
= maximal potential and Emin = minimal potential).27 

The corresponding voltammogram (Figure A.20b) is characterized by cur-
rents/potentials of at least one oxidation peak (Ep,a) during the anodic scan, and 
the corresponding reduction peak(s) (Ep,c) during the cathodic scan. The intensity 
of those peaks (ip) is related to the electrode surface (A in cm2), the number of 
exchanged electrons (n), the diffusion coefficient (D in cm2 s-1), the scan speed (v 
in V s-1) and the concentration (C in M) by Randles-Sevcik relation (Eq. A.12.).25 

 B@ = 2.69 105 ) H3/2 J1/2 L1/2 M (Eq. A.12.) 

The diffusion coefficient is defined following Fick law as the proportional rela-
tion between the flux of a specie (J in mol cm-2 s-1) and the gradient of its concen-
tration (mol) (Eq. A.13.).25 

 NO(P, 
) = −J (	MO(P, 
)
	P )

T
 (Eq. A.13.) 

A.4.4.2. Linear sweep voltammetry 

Linear sweep voltammetry (LSV – also known as polarization curves measure-
ments), used to assess the corrosion resistance of an electrode, is based on the linear 
scanning of a range of potentials (from the cathodic to the anodic domain) and the 
measurement of the current response. Generally, electrochemical reactions taking 
place at an electrode surface can be limited by charge transfer (electron transfer at 
the surface) or mass transfer (diffusion of the reactants and products). These two 
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parameters thus play an important role in the kinetics of electrochemical reactions 
at the surface of an electrode. However, the mass transfer limitation can be consid-
ered as negligible if a very low potential scan rate is used.25,28 

In this particular case, the relation between the current density (i) and the 
overpotential (U) (The Butler-Volmer describes the relation between the overpo-
tential (U) (i.e. the difference between the applied potential E and the reversible 
potential Erev) is described by the Butler-Volmer relation (Eq. A.14.).25,28,29 

 B = BV + BW = B0�XYZ[\ ] − B0�−(1−X)YZ[\ ] (Eq. A.14.) 

where ia, ic and i0 are respectively the anodic, cathodic and exchange (representative 
of the charge transfer at the equilibrium) current densities, α the charge transfer 
coefficient, n the number of electron implied in the reaction, T the temperature, 
and F and R respectively the Faraday (96 485,3 C mol-1) and the ideal gas (8,314 
J K-1 mol-1) constants. 

Considering the anodic (^V)(Eq. A.15.) and (^W)(Eq. A.16.) cathodic Tafel co-
efficients:29 

 ^V = �5
_H`  (Eq. A.15.) 

 ^W = �5
(1 − _)H`  (Eq. A.16.) 

Butler-Volmer equation can be simplified (Eq. A.17.).29 

 B = B0�
]ab − B0�− ]ac (Eq. A.17.) 

When the overpotential is high enough, the kinetics of one of the two reactions 
becomes negligible with respect to the other and a linear relationship exists between 
the current density logarithm and the overpotential. By successively neglecting the 
cathodic and anodic reactions, the expression of the anodic (Eq. A.18.) and cathodic 
(Eq. A.19.) Tafel lines are respectively obtained if U/^V ≫ 1 or if U/^W ≪ 1.25,28,29 

 fgh BV = U − iVjV
 (Eq. A.18.) 

 fgh BW = U − iWjW
 (Eq. A.19.) 
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where the parameters a and b are the Tafel constants. The value of Erev, which is 
related to U  (Eq. A.20.), and the associated current density can be determined at 
the intersection of those Tafel lines (Figure A.21a). However, in the case of mixed 
electrode (i.e. a system in which two different oxidation/reduction reactions occur), 
Erev corresponds to the corrosion potential (Ecorr), defined as the potential sponta-
neously reached by the electrode without any external current.29 

 U = . − .�kl (Eq. A.20.) 

 

Figure A.21. Schematic representation of the current density variation as function of the 
overpotential and the corresponding Tafel lines (a) and of Evans diagram for a corrosion 
reaction (b). 

A variation of the potential with respect to Ecorr, called polarization (m) leads 
to an anodic current if it is positive, or to a cathodic current if it is negative. 
Therefore, for a corrosion reaction involving an anodic (n → nY+ + H�−) and a 
cathodic (oY+ + H�− → o) reactions, the current density corresponds to the sum 
of the partial current densities (Eq. A.21.).29 

 B = BVp + BWp + BVq + BWq   (Eq. A.21.) 

At potentials close to Ecorr, BWp  and BVq are negligible (Eq. A.22.).29 

 B = BVp + BWq (Eq. A.22.) 

The Evans diagram (Figure A.21b) represents the partial anodic and cathodic 
current densities of each reaction. This representation can be used to assess the 
inhibiting properties resulting from a surface modification (physical treatment, 
coating, etc). Three kinds of inhibition are possible (Figure A.21b): a cathodic in-
hibition resulting from a decrease of icorr and a cathodic shift of Ecorr, an anodic 
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inhibition resulting from a decrease of icorr and an anodic shift of Ecorr, and a mixed 
inhibition resulting from a strong decrease of icorr and a small shift of Ecorr. 

Generally, polarization curves can be divided into different distinct stages (Fig-
ure A.22). In the cathodic range, the measured current densities result from the 
reduction of H+ or Mn+ ions and the metal is immune to corrosion. Its active disso-
lution starts in the anodic range, at E>Ecorr until the passivation potential (Epass) 
is reached. At this stage, the current densities decrease by several order due to the 
metal passivation (Figure A.22 – 2). As a comparison, the behaviour of a non-
passive metal is presented in dashed-dotted line (Figure A.22 – 1). Beyond the pre-
passive (PP) transition and under specific conditions (e.g. presence of corrosive 
anions, acidic conditions, etc), metastable (Figure A.22 – 3) or stable (Figure A.22 
– 4) pitting phenomena characterized by an increased current density can occur at 
the pitting potential (Epit). Such pitting may occasionally be followed by a second 
metal passivation (Figure A.22 – 5). The potential will then finally evolve in the 

transpassive range (E > EO₂)(Figure A.22 – 6), characterized by a rupture of the 
passive layer, the dissolution of metal ions and the oxidation of H2O in O2, thus 
leading to an increase of the current density.30 

 

Figure A.22. Schematic representation of a typical polarisation curve for a metallic substrate 
(adapted from Albu30). 

A.4.4.3. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is an electroanalytic technique 
using a sine wave excitation function of the electrode potential over variable fre-
quencies. If we consider the current response for small potential perturbations as 



Appendices 

140 

 

linear, a sinusoidal variation of the electrode potential (Eq. A.23.) around a con-
stant potential (.0) with a small amplitude will generate a sinusoidal current re-
sponse with the same frequency, but with a possible dephasing with respect to the 
potential (Eq. A.24.). 

 .(
) = .0 + =. sin(t
)   (Eq. A.23.) 

 (
) = 0 + = sin(t
 + u)   (Eq. A.24.) 

where t is the pulsation (linked to the frequency � following t = 2v� and u is the 
phase angle between the two signals. In the case of an electrochemical system, the 
transfer function from .(t) to (t) is called the admittance of the system (Y)(Eq. 
A.25.). 

 w (t) = (
)
.(
) = |w (t)|�xy  (Eq. A.25.) 

In the same way, the transfer function from (t) to .(t) is called impedance 
of the system (Z), also known as the inverse of the admittance (Eq. A.26.). 

 z(t) = 1
w (t) = .(
)

(
) =  |z(t)|�xy  (Eq. A.26.) 

where |z(t)| is the impedance modulus. 

The transfer function in the frequency domain being a complex number, z(t) 
can be expressed considering its real (z�k(t)) and an imaginary ({zO|(t)) parts 
(Eq. A.27.). 

 z(t) = z�k(t) − {zO|(t)  (Eq. A.27.) 

z(t) can be graphically presented in two ways known as Bode (Figure A.23a) 
or Nyquist (Figure A.23b) diagrams.  

The key step in electrochemical impedance experiments is the construction of 
an equivalent circuit that mimics the electrical behaviour of the system. It is indeed 
necessary to consider the different elements associated to an electrochemical meas-
urement at the electrode/electrolyte interface:25,29,31 (1) the internal electrolyte re-
sistance (Rel) between the electrodes; (2) the differential double layer capacitance 
(Cdl) corresponding to the adjustment of the ionic atmosphere until the charge 
balance between the electrode surface and the solution is reached; (3) the charge 
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transfer resistance (Rct) due to the electron transfer process; and (4) the Warburg 
impedance (W) due to the mass transfer process (not always present). 
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Figure A.23. Schematic representation of Bode (a) and Nyquist (b) plots. 

The simplest electrical equivalent circuit resulting from those elements is called 
Randles circuit (Figure A.24).25,29,32 However, in most cases, different elements can 
be added to this circuit to mimic more complex electrochemical phenomena. 

 
Figure A.24. Randles equivalent circuit. 

A.4.4.4. Scanning electrochemical microscopy 

Scanning electrochemical microscopy (SECM) is a scanning probe technique 
used to obtained three-dimensional images of surfaces by scanning an ultramicroe-
lectrode (UME) tip across the substrate. UMEs are characterized by dimensions 
smaller than 30 µm and can present various geometries, the most common being a 
disk-shaped electrode obtained by sealing a conductive wire of radius in a glass 
capillary of radius (Figure A.25a). The advantage of UME is the formation of a 
hemispherical diffusion field that improve mass-transport rate and reduce the ohmic 
loss leading to a steady-state diffusion limited faradaic current (B\,∞ - Figure A.25b) 

that depends on the concentration (C) of the electrochemical specie, its diffusion 
coefficient (D in ), the number of exchanged electrons (n), the Faraday constant 
(F) and the UME tip radius (rT) (Eq. A.28.).33–35 
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Figure A.25. Schematic representation of an ultramicroelectrode (a) and general shape of a 
typical corresponding voltammogram.36 

 B\,∞ = 4H`JM�\    (Eq. A.28.) 

SECM experiments can be carried out in feedback (FB) or in generation collection 
(GC) mode. For measurements in FB mode, a redox couple is added to the sup-
porting electrolyte as a mediator. If this mediator is added in its reduced form (R) 
the UME can be used to follows its diffusion-controlled conversion into its oxidized 
form (O). In the bulk solution (Figure A.26a), the flux of R at the tip surface is 
constant and lead to a steady-state current. When the tip is brought close to an 
insulating substrate (Figure A.26b), the diffusion of R towards the UME is hindered 
and B\  decreases (Figure A.27). This phenomenon is called “negative feedback”. 
However, when the tip is moved towards a conductive substrate (Figure A.26c), R 
can be regenerated by both electrochemical conversion and by diffusion of news 
species, thus increasing B\  (Figure A.27).33,35,36 

 

Figure A.26. Principle of the feedback mode: in the bulk solution (a), hindered diffusion 
when the UME approaches an insulating substrate (b), and mediator regeneration when the 
UME approaches a conductive sample.35 

A SECM consists of a positioning system (including the positioning elements, 
translation stages, and motor controllers) that moves an UME with respect to the 
sample (Figure A.28). The UME, used as a local probe, is connected to a bipoten-
tiostat and the electrochemical cell is completed by a reference (Ag/AgCl ; E = 
+0.222 V vs ENH24) and a counter electrode. Depending on the analysis (especially 



Appendices 

143 

 

in GC mode), the sample can also be connected to the bipotentiostat as a second 
working electrode. 

 

Figure A.27. Examples of approach curves obtained in feedback mode for a conductive, an 
insulating and intermediates samples. (adapted from Wittstock et al.35). 

 

Figure A.28. Components of a SECM: disk-shaped ultramicroelectrode (a), sample (b), bi-
potentiostat (c), reference and counter electrodes (d), positioning system (e), and informatic 
control (f).35 

A.5 Scientific articles 

A.5.1. Published articles 

- Arrotin, B.; Delhalle, J.; Mespouille, L.; Mekhalif, Z. Electroassisted 

Functionalization of Nitinol Surface, a Powerful Strategy for Polymer 

Coating through Controlled Radical Surface Initiation. Langmuir 2017, 

33 (12), 2977–2985  
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A.5.2. In press 

- Arrotin, B.; Noël, J.-M.; Delhalle, J.; Mespouille, L.; Mekhalif, Z. 

Electrografting of organophosphonic mixed monolayer for SI-ATRP of 2-

methacryloyloxyethyl phosphorylcholine. Submitted in Joural of Coatings 

Technology and Research 

- Arrotin, B.; Libioulle, C.; Mespouille, L.; Delhalle, J.; Mekhalif, Z. A 

comparative study of the electro-assisted grafting of mono- and 

bisphosphonic acids on Nitinol. Submitted in Protection of Metals and 

Physical Chemistry of Surfaces  

A.5.3. Unrelated topics 

- Arrotin, B.; Jacques, A.; Devillers, S.; Delhalle, J.; Mekhalif, Z. Induction 

Heating to Trigger the Nickel Surface Modification by in Situ Generated 

4-Carboxybenzene Diazonium. Appl. Surf. Sci. 2016, 370, 320–327. 
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