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ABSTRACT: Phynox is of high interest for biomedical applications due to
its biocompatibility and corrosion resistance. However, some Phynox
applications require specific surface properties. These can be imparted
with suitable surface functionalizations of its oxide layer. The present work
investigates the surface-initiated atom transfer radical polymerization
(ATRP) of 2-methacryloyoxyethyl phosphorylcholine (MPC), 2-hydrox-
yethyl methacrylate (HEMA), and ATRP copolymerization of (HEMA-co-
MPC) (block and statistic copolymerization with different molar ratios) on
grafted Phynox substrates modified with 11-(2-bromoisobutyrate)-undecyl-
1-phosphonic acid (BUPA) as initiator. It is found that ATRP (co)-
polymerization of these monomers is feasible and forms hydrophilic layers, while improving the corrosion resistance of the
system.
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2-methacryloyloxyethyl phosphorylcholine, 2-hydroxyethyl methacrylate

1. INTRODUCTION

Phynox is an austenitic cobalt−chromium alloy (AFNOR
designation K13C20N16Fe15D07) exhibiting a variety of
chemical, physical, and biochemical properties such as
resistance to corrosion and high passivity in contact with
human tissues.1,2 Due to these properties, Phynox is used in
many biomedical applications (medical instruments, stents,
pacemaker electrodes, implants, ...).3−5 However, evaluation of
explanted stents after in vivo implantation reveals electro-
chemical and mechanically induced corrosions.6 Hence,
modifications of the surface Phynox oxide layer to enhance
resistance to electrochemical corrosion and simultaneously
conferring suitable properties (antifouling, reduction of protein
adsorption, ...) for biomedical applications are highly desirable.
Different physical techniques such as plasma based surface
modification, laser implantation, ion beam and physical vapor
deposition are commonly used for surface modification.7

Chemical techniques such as electropolymerization, polymer-
ization, and chemical vapor deposition are also reported in that
context.7

A more versatile approach, which is gaining increasing
importance, is to build strongly adherent thin films and/or
polymer layers on the surfaces of interest. For example, Ishihara

et al. have much contributed to the development of surface-
initiated atom transfer radical polymerization (SI-ATRP) of
different monomers such as HEMA and MPC to form
hydrophilic and biocompatible layers.8 ATRP has become a
powerful technique for the preparation of valuable multifunc-
tional materials in biology and medicine.8 Moreover, it is a
method of choice because it allows control of the chain length,
thickness, composition of the polymer brushes and is
appropriate for the synthesis of well-defined copolymers.9 In
their work Ishihara et al. mainly considered Si and SiO2

substrates modified with organosilanes based ATRP initiators.
However, silane derivatives grafted on metal oxide surfaces are
comparatively more sensitive to hydrolysis10,11 in physiological
pH conditions than their organophosphonic acid analogues.
Due to their remarkable resistance to homocondensation12,13

and ability to bind strongly on a large variety of metal oxide
surfaces (including the most commonly used alloys in the
biomaterials field, that is, SS316L,14 Nitinol,15−17 and
Phynox1,18,19) organophosphonic acids are candidates of choice
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as anchoring groups for the elaboration of corrosion resistant
SI-ATRP platforms. Babu et al. have reported the synthesis of
2-bromo-2-methyl-propionic acid 2-phosphonooxy-ethyl ester,
and its grafting on magnetite nanoparticles of polymer brushes
(PMMA and PS) by ATRP.20,21 Kim et al. have formed
ferrocene functional polymer brushes on ITO using 6-(2-
bromo-2-methylpropanoyloxo)hexylphosphonic acid as SI-
ATRP initiator.22 In our group, stainless steel (AISI304) has
been modified with 11-(2-bromoisobutyrate)-undecyl-1-phos-
phonic acid (BUPA) to form PMMA, PS and diblock PS-b-
PMMA brushes by SI-ATRP.23 More recently, we have
succeeded in forming MPC polymer brushes on Nitinol16

and Phynox19 with the BUPA initiator.
The aim of the present work is to modify Phynox surfaces

with a BUPA monolayer (Figure 1) on which MPC and HEMA
were subsequently polymerized. PMPC is well-known for its
hydrophilic character and ability to avoid protein adsorption
and cell adhesion.24−27 PHEMA is also known to be
hydrophilic and hemocompatible.27,28 All these properties are
essential in the frame of biomedical applications such as
cardiovascular implants, surgical tools, etc. Ishihara et al.
showed that the thickness of PMPC and PHEMA layers is
important both for the wettability and the reduction of protein
adsorptions on the coated substrates.29 Hence, the formation
by SI-ATRP substrates of HEMA and MPC copolymers,
diblock or statistical, on modified Phynox is the core
contribution of this work. ATRP constitutes the most simple
and efficient way to generate such multilayered structure.
Indeed, owing to its living character, the ATRP polymerization
process generates dormant polymeric chains that can be further
activated in subsequent ATRP baths. Since HEMA is much
cheaper than MPC, it is economically interesting to form a first
hydrophilic and hemocompatible PHEMA layer on which a
thinner PMPC layer is then formed by block copolymerization,
P(HEMA-b-MPC), in order to impart resistance to protein
adsorption and cell adhesion to the surface. However, statistic
copolymerization, P(HEMA-s-MPC), has the principal advant-
age of an easier experimental modus operandi. It is, therefore,
interesting to compare the properties of P(HEMA-s-MPC)
with those of P(HEMA-b-MPC). The different steps of this
work are schematically described in Figure 1.

2. MATERIALS AND METHODS
2.1. Chemicals. Phynox substrates (foils of about 0.1 mm

thickness) were purchased from Arcelor Mittal Imphy Service,
Clichy, France. This alloy is mainly composed of Co (39−
41%), Cr (19−21%), Ni (15−16%), Mo (6.5−7.5%), Mn
(1.5−2.0%), and Fe (balance) with small percentages of other
elements such as Si (≤1.2%), C (≤0.15%), P (≤0.015%), S
(≤0.015%), and Be (≤0.001%). The surface composition of
mechanically polished Phynox is somewhat different from the
bulk composition: the main metallic elements constitutive of
the outer layer assessed by XPS are Co (17%), Cr (34%), Si
(17%), Fe (12%), Mn (5%), Mo (7%), and Ni (7%) after
polishing (see section 2.3. for polishing details).
All reagents used for the synthesis of the BUPA were

purchased from Aldrich Chemical Co.: 10-bromo-1-undecanol
(98%), 3,4-dihydro-2H-pyrane (97%), p-toluenesulfonic acid
(98%), triethyl phosphate (98%), pyridinium-p-toluene-sulfo-
nate (98%), 2-bromoisobutyryl-bromide (98%), pyridine
(97%) dried on CaH2, bromotrimethylsilane (97%), anhydrous
anisole (99.7%), dichloromethane, petroleum ether, diethyl
ether, ethyl acetate, methanol, acetonitrile, acetone, ethanol,
absolute ethanol (>99.8%), and anhydrous tetrahydrofuran. All
these chemicals were used without any further purification.
Reagents for the polymerization were also purchased from

Aldrich Chemical Co. and purified before use: copper(I)
bromide (98%) was purified according to the method described
by Keller and Wycoff.30 N,N,N,N,N-pentamethyldiethylenetri-
amine (PMDETA, 99%) was distilled before use. 2-
(methacryloyloxy)ethyl 2-(trimethylammonio)ethyl phosphate
(MPC, > 96.0%) was purchased from TCI Europe and 2-
hydroxyethyl methacrylate (HEMA, 97%) from Pfaltz and
Bauer. Tetrahydrofuran (THF, 99%) was purchased from
VWR. Sodium chloride (99.5%) and sodium hydroxide (97+%)
from Acros Organics. Milli-Q water (18.2 MΩ.cm) was used for
the preparation of all aqueous solutions.

2.2. Synthesis of 11-(2-Bromoisobutyrate)-undecyl-1-
phosphonic Acid (BUPA). Synthesis of BUPA has been
reported previously.23 The same conditions were used in this
work to form this molecule with an overall yield of 30%.

2.3. Grafting of the Initiator on the Phynox
Substrates. Phynox substrates used in this work were
rectangular-shaped (1 × 2 cm2) coupons. They were
mechanically mirror polished down to 1 μm using grit silicon
carbide papers (SiC-paper, grit 800 and 1200 from Struers) and

Figure 1. Schematic of the Phynox surface modification methodology used in this work and chemical structure of 11-(2-bromoisobutyrate)-undecyl-
1-phosphonic acid (BUPA) (a), 2-(methacryloyloxy)ethyl 2-(trimethylammonio)ethyl phosphate (MPC) and 2-hydroxyethyl methacrylate (HEMA)
(b).
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water-based diamond suspensions (successively 9, 3, and 1 μm
from Buehler). The polishing was carried out on a Buehler
Phoenix 4000 instrument. At the end of the polishing steps, the
metal coupons were cleaned by sonication 15 min in ethanol
(using a Branson 1520 device with a power output of 70 W at a
frequency of 42 kHz) and blown dry under a nitrogen flow. Just
before modification, the substrates were cleaned again by
sonication during 15 min in ethanol, blown dry under a
nitrogen flow and subjected to a UV/O3 treatment for 30 min
(in a UVC-Cleaner device model No. 42-220).
The BUPA monolayer was then formed by immersing the

samples in a 1 mM BUPA solution in absolute ethanol during
24 h at room temperature in the dark. They were then rinsed
copiously with ethanol, cleaned by sonication 15 min in the
same solvent, blown dry under a nitrogen flow, and directly
characterized.
2.4. ATRP Polymerizations. 2.4.1. PMPC Films. ATRP

was carried out according to the following procedure: 10 mL of
milli-Q water, 52 mg (30 mM) of PMDETA, and 0.50 g (0.17
M) of MPC were added to a reaction flask sealed with a rubber
septum. The reaction mixture was deaerated five times by
freeze-pump-backfilling with argon. 43 mg (30 mM) of Cu(I)
Br was added to the mixture. Then, the modified substrates
with BUPA were immersed in the mixture. The polymerization
was allowed to proceed during 1 h at 90 °C. After the
polymerization, the coated substrates were cleaned by
sonication 15 min in methanol and 5 min in THF. Finally,
the substrates were rinsed copiously with methanol in order to
remove the untethered polymer and blown dry under a
nitrogen flow.
2.4.2. PHEMA Films. ATRP was carried out following the

same procedure as for PMPC except that 0.22 g (0.17 M) of
HEMA was used instead of 0.50 g (0.17 M) in the case of MPC
in the reaction flask.
2.4.3. P(HEMA-b-MPC) Films. Block copolymerization was

performed according to the same procedure used for
homopolymers in two successive steps (with 1 h of polymer-
ization time in each step): after HEMA polymerization,
substrates were copiously rinsed with milli-Q water and cleaned
by sonication 15 min in methanol and 5 min in THF. The
substrates were then rinsed copiously with methanol in order to
remove the untethered polymer and blown dry under a
nitrogen flow. The modified substrates were then immersed in
a new bath for MPC polymerization. P(HEMA-b-MPC) were
synthesized with different HEMA/MPC molar ratios of 1/1
(0.22 and 0.50 g, respectively), 2/1 (0.22 and 0.25 g,
respectively), and 4/1 (0.22 and 0.12 g, respectively). After
block copolymerization, the resulting substrates were copiously
rinsed with milli-Q water and cleaned by sonication 15 min in
methanol and 5 min in THF. Finally, the substrates were rinsed
copiously with methanol in order to remove the untethered
polymer and blown dry under a nitrogen flow.
2.4.4. P(HEMA-s-MPC) Films. Statistic copolymerization was

performed according to the following procedure: 10 mL of
milli-Q water, 52 mg (30 mM) of PMDETA, MPC, and HEMA
are added to a reaction flask sealed with a rubber septum.
Different HEMA/MPC molar ratios were used: 1/1 (0.22 and
0.50 g, respectively), 2/1 (0.22 and 0.25 g, respectively), and 4/
1 (0.22 and 0.12 g, respectively). The reaction mixture was
deaerated five times by freeze-pump-backfilling with argon.
Cu(I)Br (43 mg; 30 mM) was added to the mixture. Then, the
modified substrates with BUPA were immersed in the mixture.
The polymerization was allowed to proceed during 1 h at 90

°C. After the statistic copolymerization, the coated substrates
were cleaned by sonication 15 min in methanol and 5 min in
THF. Finally, the substrates were rinsed copiously with
methanol in order to remove the untethered polymer and
blown dry under a nitrogen flow.

2.5. Substrates Characterizations. The modified sub-
strates were characterized by X-ray photoelectron spectroscopy
(XPS), polarization modulation infrared reflection adsorption
spectroscopy (PM-IRRAS), ellipsometry, cyclic voltammetry
(CV), and linear sweep voltammetry (LSV).
XPS was used to study the elemental composition of the

modified substrates. The spectra have been recorded with a
SSX-100 spectrometer using a monochromatized X-ray Al Kα
radiation (1486.6 eV), the photoemitted electrons being
collected at 35° takeoff angle relative to the surface normal.
Nominal resolution was measured as full width at half-
maximum of 1.0−1.5 eV for core levels and survey spectra,
respectively. The binding energy of core levels was calibrated
against the C 1s binding energy set at 285.0 eV, an energy
characteristic of alkyl moieties. The peaks were analyzed using a
combination Gaussian−Lorentzian curves (80% of Gaussian
character).
PM-IRRAS data were collected from a Bruker Equinox55

PMA37 equipped with a liquid-nitrogen-cooled mercury−
cadmium−telluride (MCT) detector and a zinc−selenide
photoelastic modulator. The measurements were carried out
with the photoelastic modulator set at half-wave retardation of
2600 cm−1. The infrared light, reaching the sample surface at an
angle of 80° relative to the surface normal, was modulated
between s- and p-polarization at a frequency of 50 kHz. Signals
generated from each polarization (Rs and Rp) were detected
simultaneously by a lock-in amplifier and used to calculate the
differential surface reflectivity (ΔR/R) = (Rp − Rs)/(Rp + Rs).
The spectra were taken by collecting 512 scans at a spectral
resolution of 2 cm−1.
Static water contact angle (θw) measurements were carried

out using a DIGIDROP (GBX Surface Science Technology)
contact angle goniometer at room temperature and ambient
atmosphere. A syringe was used to deliver 2.0 μL of probe
droplets of milli-Q water to the sample surface.
The thickness of the formed monolayers and polymer layers

has been determined by ellipsometry. Measurements have been
performed on a SENTECH SE400adv ellipsometer with a He−
Ne laser and an angle of incidence of 70° at a wavelength of
632.8 nm. The ellipsometer is controlled with the SE 400
Advanced 2.20 software. The refractive index n and dispersion
coefficient k (imaginary part of the complex refractive index)
for the Phynox substrate were obtained from the clean bare
surface (2.33 and 4.13, respectively). The refractive index n of
the monolayer was set at 1.45 and 1.49 for the grafted polymer
layers (PMPC, PHEMA, and copolymers). The choice of these
values is based on a work of Ishihara et al.29 in which a similar
initiator is used for SI-ATRP polymerization of MPC and
HEMA (additional informations are available in the Supporting
Informations part).
Electrochemical measurements provide additional informa-

tions on the resistance to oxidation and corrosion of Phynox
imparted by the coatings elaborated in this work. Experiments
were carried out with an EG&G Instruments potentiostat,
model 263A, monitored by computer and M270 electro-
chemistry software. A three-electrode electrochemical cell was
used with a standard calomel electrode (SCE) as reference
electrode and a platinum foil as counter electrode. The cell
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used enables analysis of a well-defined and reproducible spot
(0.28 cm2) on the sample. Polarization curves experiments were
carried out in a 0.5 M sodium chloride solution by sweeping the
potential from −1 to +1 V at 1 mV·s−1. Cyclic voltammetry
experiments were performed in a 0.1 M sodium hydroxide
solution by sweeping the potential from −0.6 to 0.6 V at 20
mV·s−1.
For reproducibility considerations, each substrates modifica-

tion and characterization has been carried out at least three
times for each surface modification. Substrates have been
characterized directly after modification.

3. RESULTS AND DISCUSSION

3.1. Grafting of 11-(2-Bromoisobutyrate)-undecyl-1-
phosphonic Acid (BUPA) on Phynox Substrates. The
grafting of BUPA (Figure 1) on Phynox has been already
reported previously.19 To ascertain reproducibility character-
izations have been performed once more. The results obtained
in the frame of the present work are essentially identical to
those previously obtained: grafting leads to an increase of the
water contact angle from 51° for a bare Phynox substrate to 87°
for a modified one (Table 1). XPS analysis reveals the presence
of P 2s, P 2p, Br 3p, and Br 3d core level photoelectron peaks

Table 1. Water Static Contact Angles of Milli-Q water (θw) Droplets; Ellipsometric Thickness Determination of a Bare Polished
Phynox Substrate, Phynox Substrate Modified with BUPA, Modified Phynox Substrates after ATRP (Co)polymerization of
MPC, HEMA, HEMA-b-MPC, or HEMA-s-MPC (with Different Molar Ratios) and Relative Abundance Ratios Calculated on
the Basis of XPS Analyses and Graft Density σ of Monomer Entities (σHEMA and σMPC) for Modified Phynox Substrates after
ATRP Copolymerization of (HEMA)n-b-(MPC)m and (HEMA)n-s-(MPC)m (with Different Molar Ratios)

substrates θw (deg) ± 1° h (nm) ± 0.2 nm P/N N/CCOOR n/m σHEMA (mol·cm−2) σMPC (mol·cm−2)

bare phynox 52
Phynox−BUPA 87 1.4
Phynox−BUPA−PMPC 32 6.1 1.1 0.83 2.7 × 10−9

Phynox−BUPA−PHEMA 35 23.1 2.0 × 10−8

Phynox−BUPA−P(HEMA-b-MPC) 1/1 49 26.2 1.0 0.17 4.9 2.0 × 10−8 1.4 × 10−9

Phynox−BUPA−P(HEMA-b-MPC) 2/1 47 26.7 0.9 0.17 4.9 2.0 × 10−8 1.5 × 10−9

Phynox−BUPA−P(HEMA-b-MPC) 4/1 48 26.0 1.0 0.17 5.0 2.0 × 10−8 1.3 × 10−9

Phynox−BUPA−P(HEMA-s-MPC) 1/1 49 28.5 1.1 0.07(5) 12.2 2.3 × 10−8 1.8 × 10−9

Phynox−BUPA−P(HEMA-s-MPC) 2/1 48 28.9 0.9 0.06(9) 13.5 2.4 × 10−8 1.6 × 10−9

Phynox−BUPA−P(HEMA-s-MPC) 4/1 47 28.7 1.0 0.06(3) 14.8 2.4 × 10−8 1.5 × 10−9

Figure 2. XPS general survey spectra of bare polished Phynox substrate (a), Phynox substrate modified with 11-(2-bromoisobutyrate)-undecyl-1-
phosphonic acid (b), modified Phynox substrates after ATRP polymerization of MPC (c), or HEMA (with N 1s core level peak as an inset) (d).
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(characteristics of the grafted molecule) on modified substrates
spectra while they are not present on the bare substrates spectra
(Figure 2). Additional characterizations such as ellipsometry,
linear sweep voltammetry, and cyclic voltammetry are discussed
in the sequel.
Ellipsometry results are summarized in Table 1. The formed

BUPA films have thicknesses of the order of 1.4 ± 0.2 nm,
which is slightly smaller than the theoretical value (1.6 nm) of
fully extended BUPA molecules in a dry state estimated from
standard bond lengths and angles. This suggests that BUPA
molecules do not form fully organized monolayers on the
Phynox surface.
Linear sweep voltammetry and cyclic voltammetry results are

presented in Figures 3 and 4, respectively. The grafting of

BUPA does not significantly improve the corrosion resistance
of Phynox substrates. Indeed, the corrosion current density and

the corrosion potential values (Figure 3; Table 2) are similar
for both bare Phynox and Phynox modified with BUPA

(around 10−7A·cm−2 and −410 mV/SCE, respectively).
However, cyclic voltammetry analyses (Figure 4) reveal an
oxidation peak at 375 mV/SCE, which can be attributed to the
degradation of the grafted BUPA layer. This is in line with the
results of Devillers et al., who reported the grafting of n-
dodecanoic and undecanoic phosphonic acid on Phynox.1 They
observed a similar behavior on the cyclic voltammetry curves
and attributed this higher oxidation potential wave to a
degradation of the organic layer rather than oxidation of the
substrate. More recently, Kruszewki et al. also reported a similar
behavior in the case of octadecylphosphonic acid and 16-
phosphonohexadecanoic acid grafted on a cupronickel alloy.31

Nevertheless, these results establish and confirm that BUPA
monolayers have been effectively and reproducibly grafted on
the Phynox substrates in the applied modification conditions, in
good correspondence with previously reported results.19

This is of importance considering the fact that BUPA grafting
is a critical step for the surface initiated ATRP experiments to
be achieved in this work.

3.2. ATRP Polymerization of MPC and HEMA on
Phynox Substrates Modified with BUPA. First attempts of
ATRP polymerization of MPC on Phynox have been published
in a previous work.19 In the present study, more comprehensive
characterizations (linear sweep voltammetry and cyclic
voltammetry) of the formed polymer layers have been used
to provide a better insight on the characteristics of the formed
polymer layers. ATRP polymerization of HEMA will also be
presented and discussed.
After the ATRP polymerization of MPC and HEMA on

Phynox substrates modified with BUPA, the substrates were
first characterized by water static contact angle measurements
(Table 1). The polymerization of MPC and HEMA in aqueous
medium lead to a much more hydrophilic surface (32° and 35°
respectively) than the bare Phynox substrate (52°) or the
BUPA-modified Phynox substrate (87°). These results were
expected given the hydrophilic nature of these polymers and are
comparable with those previously reported in the literature
either for PMPC layer16,19,32−34 or PHEMA layer.32,35,36

The modified substrates were also characterized by XPS.
Figure 2 shows representative survey spectra of a bare Phynox

Figure 3. Linear sweep voltammetry curves of a bare polished Phynox
substrate, Phynox substrate modified with 11-(2-bromoisobutyrate)-
undecyl-1-phosphonic acid (BUPA), modified Phynox substrate after
ATRP polymerization of MPC or HEMA. (Curves acquired by
scanning potentials from −1 V/ECS to 1 V/SCE at 1 mV·s−1 in NaCl
0.5 M).

Figure 4. Cyclic voltammograms of a bare polished Phynox substrate,
Phynox substrate modified with 11-(2-bromoisobutyrate)-undecyl-1-
phosphonic acid (BUPA), modified Phynox substrate after ATRP
polymerization of MPC or HEMA. (Curves acquired by scanning
potentials from −600 mV/ECS to 600 mV/SCE at 20 mV·s−1 in
NaOH 0.1 M).

Table 2. Corrosion Current Density (icorr) and Corrosion
Potential (Ecorr) of a Bare Polished Phynox Substrate,
Phynox Substrate Modified with BUPA, Modified Phynox
Substrates after ATRP (Co)polymerization of MPC, HEMA,
HEMA-b-MPC, or HEMA-s-MPC (with Different Molar
Ratios)

substrates
icorr

(10−7A.cm−2)
Ecorr (mV/

SCE)

bare Phynox 1.22 −437
Phynox−BUPA 1.18 −410
Phynox − BUPA−PMPC 0.79 −400
Phynox−BUPA−PHEMA 0.71 −400
Phynox−BUPA−P(HEMA-b-MPC) 1/1 0.37 −295
Phynox−BUPA−P(HEMA-b-MPC) 2/1 0.39 −283
Phynox−BUPA−P(HEMA-b-MPC) 4/1 0.33 −297
Phynox−BUPA−P(HEMA-s-MPC) 1/1 0.53 −355
Phynox−BUPA−P(HEMA-s-MPC) 2/1 0.60 −356
Phynox−BUPA−P(HEMA-s-MPC) 4/1 0.43 −360
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substrate, a Phynox substrate after the BUPA grafting and a
modified Phynox after ATRP polymerization of MPC or
HEMA. As expected the C 1s and O 1s core level peaks are
more intense after the ATRP polymerization of MPC or
HEMA. Moreover, most of the core level peaks attributed to
the Phynox substrate (namely Ni 2p, Co 2p, Fe 2p, Mn 2p, and
Mo 3d) are not visible anymore after ATRP polymerization of
MPC or HEMA. The C 1s core level spectra (Figure 5) are
analyzed with four components centered at a binding energy of
285.0 (R−CH3), 285.7 (R−CH2−N+−(CH3)3, R3−C−COO−
R), 287.0 (R−C−O−R), and 289.4 eV (R−C(O)O−R) for
both PMPC and PHEMA. These components are assigned to
the various carbon species as illustrated in Figure 5 and are in
good correspondence with the polymers chemical structures.
The Br 3d core level peak is still present for both PMPC and
PHEMA grafted Phynox substrates. It indicates that the
polymerization process maintains the bromo-termination of
the polymeric chains during their growth, which is in agreement
with the ATRP mechanism.8,9,37−40 It also evidence the living
character of the polymerization and allows for further
reinitiation and growth of a new polymeric structure. The
main difference in the survey spectra of a modified Phynox
substrate after ATRP polymerization of MPC and a modified
Phynox substrate after ATRP polymerization of HEMA is the
presence of the N 1s, P 2p, and P 2s core level peaks in the case
of ATRP polymerization of MPC. Indeed, these atoms are
constitutive of the MPC while they are not present in the
HEMA structure. The calculated P/N ratio (where P and N are
the normalized area of P 2p and N 1s components attributed to
the phosphorus and nitrogen constitutive of the PMPC,
respectively) is equal to 1.1, which agrees with the theoretical
value (1.0). This suggests a good integrity in the structure of
the formed PMPC layer. However, the analysis of the N 1s core
level XPS spectrum of the HEMA covered surface (see the inset
in Figure 2 d) reveals a weak nitrogen peak centered at 400.2
eV. This peak can be attributed to the nitrogen atoms present
in PMDETA molecules that could have been entrapped in the
polymer layer. This has also been observed in the case of ATRP
polymerization of MPC in a previous study.19

According to the ellipsometry measurements (Table 1), it
clearly appears that HEMA is polymerizing faster than MPC.
Indeed for the same polymerization time and conditions, the
PMPC layer is around 6.1 nm thick while PHEMA layer is

around 23.1 nm. The density σ (mol·cm−2) of the grafted/
polymerized monomers was calculated (Table 1) from
ellipsometry thickness results for each grafted polymer using
the equation: σ = hφ/M where h is the ellipsometric thickness
(nm), φ is the density of each dry polymer (1.30 g·cm−3 for
PMPC and 1.15 g·cm−3 for PHEMA32), and M the molecular
weight of the monomer (295.27 g·mol−1 for MPC and 130.14
g·mol−1 for HEMA). It appears that ATRP of the single
components exhibits a HEMA density 7.5 times higher for
HEMA than for MPC (2.0 × 10−8 and 2.7 × 10−9 mol·cm−2,
respectively). Therefore, it appears that HEMA polymerizes
about 7.5 times faster than MPC.
In order to characterize the impact of the formed polymer

layers on the corrosion resistance of Phynox, the polarization
curves of a bare Phynox substrate are compared with those of a
Phynox substrate after the grafting of the initiator and a
modified Phynox substrate after ATRP polymerization of MPC
or HEMA (Figure 3; Table 2). It appears that the ATRP
polymerization of MPC and HEMA on a modified Phynox
substrate has a beneficial effect in term of corrosion resistance.
The corrosion current density decreases from 1.2 × 10−7 A·
cm−2 for a bare Phynox substrate down to 7.9 × 10−8 A·cm−2

and 7.1 × 10−8 A·cm−2 after ATRP polymerization of MPC and
HEMA, respectively. In both cases the anodic current density
has significantly decreased. Moreover, the corrosion potential is
shifted toward more anodic values: from −437 mV/SCE for a
bare Phynox substrate to −400 mV/SCE after ATRP
polymerization of MPC and HEMA.
It can be noted that a PMPC layer is almost as protective as a

PHEMA layer even with 7.5 times lesser graft density. It is thus
anticipated that the protecting capacity of PMPC is intrinsically
higher than PHEMA. It is likely due to the better coverage of
the surface by PMPC. This is in agreement with the slower
polymerization which allows the generation of shorter chains
but from a larger number of anchoring sites (higher density of
polymer chains). Increasing the thickness would be an
interesting strategy in order to improve the protection of
Phynox. This could be achieved by increasing the polymer-
ization time, or by searching synergistic effect by combining
thick hydrophilic layer of PHEMA and of PMPC in the
generation of copolymer barriers.40−44

Cyclic voltammetry analyses (Figure 4), after ATRP
polymerization of MPC and HEMA, reveal an attenuation of

Figure 5. XPS C 1s core level spectra of a modified Phynox substrate after ATRP polymerization of MPC (a) or HEMA (b).
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the oxidation peak attributed to the BUPA degradation at 375
mV/SCE. This attenuation is stronger after ATRP polymer-
ization of HEMA compared to MPC. This can be explained by
a better surface coverage as the PHEMA layer is thicker than
the PMPC one. Ellipsometry measurements after cyclic
voltammetry analyses reveal a slight decrease in thicknesses
(from 6.1 to 5.1 nm for PMPC layer and from 23.1 to 21.2 nm
for PHEMA layer). We can thus reasonably make the
hypothesis that the oxidation process does not alter significantly

the polymer chains. As this oxidation peaks have been
previously attributed to the degradation of BUPA molecules,
its attenuation after ATRP polymerization is likely due to the
involvement of a significant proportion of these molecules into
the polymerization process.
These substrates were also characterized by infrared

spectroscopy. The spectra for a modified Phynox substrate
after ATRP polymerization of MPC or HEMA is presented in
Figure 6. The spectra reveals adsorptions bands in agreement

Figure 6. PM-IRRAS spectra of a modified Phynox substrate after ATRP polymerization of MPC (a) and after ATRP polymerization of HEMA (b).

Figure 7. Representative XPS general survey spectra of bare polished Phynox substrate (a), a modified Phynox substrate after ATRP
copolymerization of HEMA-co-MPC (b), N 1s (c), and P 2p (d) core levels spectra of a modified Phynox substrate after ATRP copolymerization of
HEMA-co-MPC (block and statistic).
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with the chemical structure of the polymers (the attributions
are given in Supporting Information).
At this stage, we can conclude that the surface-initiated

ATRP polymerization of MPC and HEMA on a modified
Phynox has been carried out successfully and that the initiator
ensures a robust link between the formed polymer layer and the
Phynox substrate.
3.3. ATRP Copolymerization of HEMA and MPC (Block

and Statistic) On Phynox Substrates Modified with
BUPA. In this section, the feasibility of the copolymer
P(HEMA-co-MPC), block and statistic, is considered, taking
benefit from the living character of ATRP polymerization to
grow multilayered polymeric system from the Phynox surface.
After the ATRP copolymerization of HEMA-co-MPC on

Phynox substrates modified with BUPA, the substrates were
characterized by water static contact angle measurements
(Table 1). Surprisingly, the value obtained after the formation
of the copolymer is higher (around 48°, regardless the molar
ratios between the monomers and the process, that is, block or
statistic) than the one obtained for PMPC or PHEMA
individually covered Phynox surfaces (32° and 35°, respec-
tively). This effect can be explained by the fact that the surface
occupied by a PMPC chain is twice as large as the one occupied
by a PHEMA chain.29 For block copolymers, the growth of a
PHEMA brush leads to a dense, homogeneous and hydrophilic
film during the first step of the synthesis. However, during the
second step, the organization of the PMPC blocks over
PHEMA leads to exposition of the less hydrophilic HEMA and
MPC lateral chains leading to a higher contact angle value. The
same phenomenon is at play during the statistic polymerization
as similar contact angle is obtained for statistic and block
polymerization. The molecular organization of the external
interface is very similar for both statistic and block polymers.
For statistic copolymers, MPC monomers intercalate with
HEMA ones. As a PMPC chain is larger than a PHEMA one,
this induces a less dense and organized layer due to the steric
hindrance of a PMPC chain.
Theses modified substrates were also characterized by XPS.

Figure 7 shows representative survey spectra of a bare Phynox
substrate, a Phynox substrate after ATRP copolymerization of
HEMA-co-MPC, as well as the N 1s and P 2p core level spectra
for a copolymer covered surface (as these spectrum are similar
regardless the polymerization process and the molar ratios, only
one spectra in shown in Figure 7 in order to make the reading
easier). It appears that the C 1s and O 1s core level peaks are
more intense after the ATRP copolymerization of HEMA-co-
MPC. Furthermore, all the core level peaks attributed to the
Phynox substrate (namely Ni 2p, Co 2p, Fe 2p, Mn 2p, and Mo
3d) including the Cr 2p are not visible anymore. The C 1s core
level spectrum can be analyzed, with the same four components
as previously described (see section 3.2) centered at a binding
energy of 285.0 (R−CH3), 285.8 (R−CH2−N+−(CH3)3 ; R3−
C−COO−R), 287.2 (R−C−O−R) and 289.5 eV (R−C(O)-
O−R) (Figure 8). The N 1s core level spectrum can be
analyzed with two components: a first peak centered at a
binding energy of 403.3 eV corresponding to the nitrogen atom
in the ammonium group in the MPC structure and a second
one centered at 400.3 eV which can be attributed to the
nitrogen of the PMDETA, which might be entrapped in the
polymer layer. The P 2p core level spectrum shows only one
peak centered at a binding energy of 135.0 eV. This
corresponds to the phosphorus constitutive of the MPC. As
nitrogen and phosphorus are only present in the MPC structure

and not in the HEMA structure, it can be concluded that the
block and statistic copolymerization did take place. The
chemical integrity of the formed PMPC layers is assessed by
the P/N calculated ratios presented in Table 1 (where P and N
are the normalized area of P 2p and N 1s components
attributed to the phosphorus and nitrogen constitutive of the
PMPC, respectively). In each case, the experimental value is
close to the theoretical value (1.0). In order to assess the
proportion of each monomer in the different formed copolymer
layers, N/CCOOR calculated ratios are also presented in Table 1
(where CCOOR is the normalized area of C 1s component
attributed to the carbon of the ester function present in both
PMPC and PHEMA structures). As the N 1s component is
only present in the PMPC structure and the C 1sCOOR is
present in both PMPC and PHEMA structures, we can assume
that for m MPC and n HEMA monomer units in the formed
copolymer layer, then the N 1s/C 1sCOOR ratio is equal to m/(n
+ m). The n/m ratios are listed in Table 1. In block
copolymerization process, a constant ratio close to 4.9 is
obtained regardless the molar ratios used in the synthesis. This
indicates a higher amount of HEMA than MPC and thus a thin
PMPC layer formed on the PHEMA layer. In the statistic
copolymerization process, these ratios are higher (about 13)
compared to the block copolymerization process. Moreover,
this ratio is increasing with a higher proportion of HEMA.
These observations are in line with the fact that HEMA is
polymerizing faster than MPC.
Ellipsometry measurements reveal similar thicknesses for

block copolymerization (around 26 nm). This value is lower
than the expected value of 29 nm (which is the sum of the
thicknesses of the two polymers taken separately). However,
termination reactions might happen during the ATRP process.
Therefore, less propagation sites are available for the second
step of the block copolymerization. This leads to a thinner
PMPC layer (around 3 nm) than expected. This is in good
correlation with the results obtained by XPS. For statistic
copolymerization, ellipsometry measurements give a thickness
around 28 nm. As this value is higher than a PHEMA layer, we
can reasonably make the hypothesis that MPC chains, which

Figure 8. Representative XPS C 1s core level spectrum of a modified
Phynox substrate after ATRP copolymerization of HEMA-co-MPC
(block and statistic).
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are larger than HEMA chains, are intercalating between the
HEMA chains and swell the copolymer structure.
By combining the previous equation used for the grafting

density σ calculation with the n/m ratios, σ of each monomer
(σMPC and σHEMA) in these different copolymers layers (block
and statistic) can be also determined (Table 1). For the block
copolymer the σMPC value is obtained from the change in
thickness between the PMPC and PHEMA polymerizations. In
block copolymerization, σ calculated values are in line with
previous observations and also reveal a lower value of σMPC (1.4
× 10−9 mol·cm−2) compared to the PMPC homopolymer layer
(2.7 × 10−9 mol·cm−2) confirming a thinner PMPC layer after
the block copolymerization. This yields to a ratio of HEMA and
MPC monomers of the order of σHEMA/σMPC ∼ 14 in the final
block copolymers. This value is higher than that obtained by
XPS as its analysis depth is restrained to the upper part of the
polymer richer with the MPC block. The value of σHEMA/σMPC
is also twice higher than the value that could be obtained from
comparison of the HEMA and MPC polymerization alone from
BUPA modified Phynox surfaces. This means that a first
polymerization step (HEMA polymerization) restrains the
PMPC polymerization compared to a BUPA layer. This is
attributed to the lower availability/density of polymerization
sites from PHEMA than from the BUPA modified Phynox
surfaces. It thus suggests that the density of PMPC chains
grown from BUPA is twice higher than PMPC chains grown
from PHEMA and confirms that MPC polymerization yields
shorter and denser polymer chains than HEMA.
For statistic copolymerization, assuming that the polymer

composition is homogeneous through the layer, the XPS n/m
ratio corresponds to the σHEMA/σMPC ratio. The respective
values of σHEMA and σMPC are then given from the ellipsometry
measurement. Regardless the molar ratio, similar σHEMA values
are obtained (around 2.4 × 10−8 mol·cm−2) which are close to a
PHEMA homopolymer layer (2.0 × 10−8 mol·cm−2). With an
increasing amount of MPC, a slight increase of the σMPC is
noticed (from 1.5 × 10−9 to 1.8 × 10−9 mol·cm−2). The σHEMA/
σMPC value is again of the order of 13 as for block
copolymerization. This confirms that the HEMA polymer-
ization is the fastest process, which actually rules the initial
density of grafted chains from the surface. This also agrees with
the fact that σHEMA is not significantly different from that of
pure PHEMA layers. The statistic polymer chains may then
have the same density than those of PHEMA or of the block
copolymers. The statistic coupling of MPC is too slow to alter
significantly the polymer chain density. The statistic copoly-
merization allows, however, to disperse the MPC functionalities
statistically within the polymer chains.
The reactivity ratios of each of the two monomers (rMPC and

rHEMA) in the statistic copolymerization process has been
evaluated by using the Mayo−Lewis equation (see Supporting
Information). As different statistic copolymers have been
synthesized with different molar ratios, the Fineman−Ross
plot has been used to determine these reactivity ratios: rMPC =
0.65 and rHEMA = 3.37. As rMPC < 1 and rHEMA > 1, this indicates
a random copolymer with HEMA units interacting mainly
between them with occasional intercalations of MPC units.
This is in good correlation with our previous observations; that
is, HEMA is polymerizing faster than MPC.
The linear sweep voltammetry experiments (Figure 9; Table

2) show that the formation of copolymer has a synergistic effect
in terms of corrosion resistance when compared to the results
obtained for a PMPC or a PHEMA layer on a modified Phynox

substrate. Indeed, regardless the copolymerization process,
lower corrosion current densities (from 0.7 × 10−7 down to 0.3
× 10−7 A·cm−2) and higher corrosion potentials (from −400 up
to −283 mV/SCE) are obtained. Moreover, regardless the
molar ratios, similar corrosion current densities and corrosion
potentials are obtained either in the block copolymerization or
in the statistic copolymerization process. Interestingly, the
incorporation of a small fraction of MPC (<10%) moieties in
PHEMA chains strongly impact the protection of the surface
against corrosion. Moreover, it is not the only effect of MPC
since polymerizing the same amount of MPC from the BUPA
surface yields a layer much less protective than the copolymers.
These results correspond to the sought synergistic effects.
Owing to the large amount of HEMA monomer in the different
layers, revealed by ellipsometry and XPS, the different PHEMA
containing layers have a similar structure (similar density of
grafted chains). The copolymerization process then completes
this structure with the MPC moieties. This distribution is either
statistic along the polymer chains or it is made from the top for
the block copolymer layer.
Overall, slight differences are noticed between block

copolymers and statistic copolymers. Block copolymers reveal
slightly better effects in terms of corrosion resistance with
slightly lower corrosion current densities and higher corrosion
potentials (around 0.3 × 10−7 A·cm−2 and −290 mV/SCE)
than statistic copolymers (around 0.5 × 10−7 A·cm−2 and −290
mV/SCE). This means that polymerizing PMPC from the top
provides a more efficient barrier than the statistic inclusion of
MPC features (statistically 1 MPC every 14 HEMA) within
HEMA oligomers.
Cyclic voltammetry analyses (Figure 10) reveal an even

stronger decrease of the oxidation peak attributed to the BUPA
degradation compared to PMPC and PHEMA layers
confirming the synergistic effect of the copolymerization.
Regardless the copolymerization process and the molar ratios,
similar oxidation peaks are obtained around 420 mV/SCE. Due
to the fact that copolymer layers are thicker than PMPC and
PHEMA layers (as previously demonstrated by ellipsometry),
these thicker layers impart a better physical protection against
the BUPA degradation. It is also interesting to notice (not
shown in Figure 10), that even if the oxidations peaks are

Figure 9. Linear sweep voltammetry curves of a bare polished Phynox
substrate, modified Phynox substrates after ATRP copolymerization of
HEMA-co-MPC (block and statistic). (Curves acquired by scanning
potentials from −1 V/ECS to 1 V/SCE at 1 m·.s−1 in NaCl 0.5 M).
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similar, the peak intensity is always higher for statistic than for
block copolymers. This reinforces the idea of a higher blocking
of the access to free BUPA molecules from top filling PMPC
chains than from statistic inclusion and thus an oxidation peak
with lower current densities.
The PM-IRRAS spectrum for a modified Phynox substrate

after ATRP copolymerization of HEMA-co-MPC is presented
in Figure 11 (again, as all spectra obtained for block and

statistic copolymerization with different molar ratios are similar,
only one is presented in the figure for the sake of simplicity).
The spectrum reveals adsorptions bands in agreement with the
chemical structure of the copolymers (the attributions are given
in Supporting Informations).

4. CONCLUSIONS
The surface-initiated ATRP (co)polymerization of MPC and
HEMA on Phynox substrates modified with 11-(2-bromoiso-
butyrate)-undecyl-1-phosphonic acid (BUPA) has been
achieved.
First, the surface-initiated ATRP polymerization of MPC and

HEMA has been successfully achieved on these modified
Phynox substrates. The obtained polymer layers are hydrophilic
and have a beneficial effect in term of corrosion resistance.
Second, the living character of ATRP polymerization allowed

to grow either block or statistic copolymer P(HEMA-co-MPC)
from Phynox surfaces. The obtained Phynox-BUPA-P(HEMA-
co-MPC) surfaces are also hydrophilic but impart better
properties in term of corrosion resistance than both individual
layers. Spectroscopic and ellipsometric analyses reveal that all
copolymers have the same density of grafted chains than the
individual PHEMA layer. This is also true for the statistic
copolymer as the MPC polymerization is much slower than the
HEMA one. Introducing small fraction of PMPC in PHEMA (1
MPC for about 14 HEMA) provides a synergistic effect for the
protection of the underlying Phynox surface. Even if block
copolymers and statistic copolymers gave similar results in term
of hydrophilicity, block copolymer appeared to be more
efficient than statistic copolymers in term of corrosion
resistance. This was explained by the more efficient filling of
the PHEMA structure by PMPC chains than from statistic
inclusion of MPC features along HEMA oligomers.
All these properties are essential parameters when developing

systems designed to be applied in the biomedical devices field.
This works opens the prospect of copolymers brushes

covalently attached to the substrate via the phosphonic acid
anchoring group. Other copolymers and initiators will be
investigated in future works with the prospect of a further
increase of the corrosion resistance. The stability of the system
in body simulation conditions should also be assessed.
Induction heating instead of conventional heating might also
be used for the triggering of ATRP.
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