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Abstract

The surface modification of metal oxides by grafting an organic molecule allows the development of
new specific properties on demand. In this work, we demonstrate the modification of the Yttria
Tetragonal Zirconia Polycrystal (Y-TZP), which is a ceramic widely used in dental implantology, by
polymer grafting of the surface in a three-steps protocol for tuning the wetting properties. The first
step involved the preparation of zirconia pellet by sintering followed by their surface activation. In
the second step, the organic initiator bearing a tertiary amine such as the N,N-dimethylamino group
capable of initiating a radical photopolymerization reaction, was grafted onto the surface through a
bisphosphonic acid functionality. In the last step, two monomers, namely methyl methacrylate and
styrene, were photopolymerized on the zirconia surface by blue light irradiation.

The chemical steps were monitored and characterized by X-ray photoelectron spectroscopy (XPS),
spectroscopic ellipsometry (SE) and Atomic Force Microscopy (AFM). Wetting properties to different
polar and nonpolar liquids and surface energies calculated with the Van Oss theory were found to
vary systematically depending on the type of functionalization and grafting. This methodology is very

promising for surface tuning of the dental ceramic.
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photopolymerization.



1. Introduction

In recent years, the use of ceramic for medical appplications has increased interest because of three
factors: aesthetics, biocompatibility, and high mechanical toughness [1]. Particularly, the Yttria-
stabilized Tetragonal Zirconia Polycrystal (Y-TZP) is used as the standard core material in ceramics for
dental restorations. Implant technology has developed different methodologies to modify zirconia
surface regarding biological properties (cell attachment, osseointegration, antibacterial properties...).
However, although biocompatible, zirconia can lead to bacterial biocontamination. Therefore it is
important to modifiy the surface of zirconia to tune their properties such as (anti)adhesion,
lubrication, wettability, biocompatibility and antibacterial activity. In the literature, some authors

have already explored different treatments to modify surface properties of zirconia [2-7].

In literature, there are different techniques to modify the surface: physical techniques (sandblasting,
ultraviolet irradiation, laser application, plasma treatment) and chemical techniques (acid etching,
dip-coating and self-assembled monolayers, hydrolysis, oxidation, layer-by-layer assembly and
polymers grafting) [8-10]. The latter is particularly interesting because ultrathin grafted polymer
layers can modulate the surface properties of different substrates without altering their bulk
performance. In general, grafting a polymer can be done according to two main methods: the
"grafting-to" technique which is based on the fixation of a polymer previously synthesized on the
surface of a material, and the "grafting-from" technique where the polymerization is directly carried
out by an initiator grafted on the surface. The “grafting to” approach suffers from less control due to
steric hindrance on the surface whereas a better polymerization control (grafting densities, chain

length) can be obtained using the “grafting-from” approach [11-13].

Indeed for “grafting from” polymerization on Y-TZP surface, an organic anchoring agent carrying a
radical polymerization initiator group is needed. Various chemical groups can be grafted on inorganic
surfaces: carboxylic acids, alcohols, amines, amides or silanes are the most often encountered ones
[14]. Among these anchoring functions, phosphonic acids and derivatives have many advantages; we
can highlight excellent complexing properties and chemical resistance [15]. Moreover, these
functions very rarely lead to homocondensation and can be linked to various materials such as TiO;
[16,17], ZrO, [16], Y05 [18], Fes04 [19] and perovskites (BaTiOs) [20] by formation of P-O-M (M = Ti,
Zr) bonds. A variety of studies proved the high stability of the P-O-M bonds under various conditions
such as UV irradiation, thermal treatment or aqueous immersion at different pH values [21].
Combination of experiments performed by 3P NMR MAS (magic angle spinning), 1’0 NMR, ToF-SIMS
and XPS demonstrated that phosphonic acids allow mono-, bi-, and tri-dentate binding modes

associated with possible electrostatic and hydrogen-bonding interactions [14,22]. In addition, it was



previously shown that mono, bis and multifunctional phosphonic acids can be used for surface

modification on metal oxides, their functionality allows to modulate the grafting densities [23].

To the best of our knowledge, very few examples reported the use of phosphonic acids as anchoring
agents for polymer grafting on zirconia surface. Lomoschitz et al reported a covalent grafting of
phosphorus-based coupling agents carrying a polymerizable methacrylate moiety on ZrO;
nanoparticles, generating a highly functional surface [21]. Kickelbick et al described the preparation
of polyester nanocomposite by attaching 3-phosphonopropionic acid to zirconia. Then,
polycondensation reaction was performed in the presence of isophthalic acid and neopentyl glycol as
monomers [24].

In this study, we will discuss the covalent grafting of a new versatile molecule carrying a
bisphosphonic acid as anchoring group and a tertiary amine allowing the initiation of a radical
photopolymerization reaction on Y-TZP, generating a highly functional surface. Although there are
many methods for surface modification in literature, the methodology described in this publication

may specifically target materials based on metal oxides.

2. Materials and methods

2.1. Materials

All starting reagents and solvents were commercially available and used without additional
purification. Anhydrous solvents were obtained from a PURESOLV SPS400 apparatus developed by
Innovative Technology Inc. (Hong Kong, China). Tosoh TZ-3YB-E zirconia powder (ZrO,/Y>0s; 97/3
mol%, particle size 40 nm) was purchased from Tosoh Europe. 4-Dimethylbenzoyl chloride, triethyl
phosphite, formamide, phosphorus oxychloride, and camphorquinone were purchased from Sigma
Aldrich. Bromotrimethylsilane (98 %), triethylamine (99 %) and sulfuric acid (96 %) were obtained
from Acros organics. Methyl methacrylate (MMA, 99 %, Aldrich) and styrene (99 %, Aldrich) were
passed through a basic alumina column to remove the polymerization inhibitor before use.
Photopolymerization reactions were made on 20 mL screw vials 24 mm clear glass from Interchim
(CK1540) and in an Evolu Chem Photo RedOx Box Hepato Chem using blue led lamp (450 - 455 nm)

purchased from Interchim. Camphorquinone photophysic characteristics are given in Table 1 [25].

Table 1. Redox potentials Eox Erqd, triplet state Er and singlet state E; energy levels for

camphorquinone photoinitiator [25].

Eox (V) Ered (V) Er (EV) Es (EV)

>2 -1.44 2.02 2.5




2.2. Characterizations

H, 13C and 3!P NMR spectra were obtained on a Bruker 500 MHz Spectrometer. Deuterated solvents
for solution NMR analysis were acquired from Euristop, Inc (chloroform and water) and Aldrich
(NaOD).

Contact angles measurements were carried out by the Young-Laplace method using a DSA30 Kriss
goniometer with high purity water (Millipore, milliQ). The static contact angle was measured within 5

s of placing the drop (1 pL) on the surfaces and an average of five measurements was reported.

Surface free energy values of Y-TZP samples with each step has been determined by measuring the
contact angle of the three test liquids. Formamide (supplied by Aldrich) and diiodomethane (99 %,

stabilized, Thermo-scientific) were used as a polar and nonpolar solvent, respectively.

The approach of Good, Van Oss and Chaudhury (acid-base theory) was used to calculate the surface
free energy and energetic characteristic [26,27]. The surface energy & is seen as the sum of a Lifshitz-

van der Waals apolar component 8" and a Lewis acid-base polar component 5;*8:

The acid-base polar component &% can be further subdivided by using specific terms for an electron

donor (6*) and an electron acceptor (67) subcomponent:
6iAB = 2(61+ 6{)1/2 (2)

The surface energy components of a surface (6s*, 6s and 8s*V) were determined by performing
contact angle measurements with three liquids with known surface tension parameters (6", 6. and
5/'Y). Using the Young equation, a relation between the measured contact angles (8), the liquid

surface energy and the solid energy can be obtained.
51(1+c0s8) = 2((6s™ &/™W)V2+( 85" &) 2+( 65 6.7)1) (3)

X-ray photoelectron spectroscopy (XPS) measurements were performed on a K-Alpha spectrometer
from ThermoFisher, equipped with a monochromated X-ray Source (Al Ka, 1486.6 eV). For all
measurements a spot size of 400 pm was employed corresponding to an irradiated zone of ~ 1 mm?.
The hemispherical analyzer was operated in CAE (Constant Analyzer Energy) mode, with a pass
energy of 200 eV, a step of 1 eV for the acquisition of surveys spectra, a pass energy of 50 eV and a
step of 0.1 eV for the acquisition of narrow scan spectra. A “dual beam” flood gun was used to
neutralize the charge build-up. The recorded spectra were processed by means of the Avantage

software, using a peak-fitting routine with Shirley background and symmetrical 70%-30% mixed



Gaussian-Lorentzian line shapes. Atomic percentages were calculated following normalizations of
peak areas using the Scofield sensitivity factors. During the fitting procedure, the components added
to the core-level spectrum were constrained to have the same line shape and similar FWHM. The
number of components was decided based on the molecule chemical structure and the knowledge of
chemical shifts from databases and the literature. Additional constraints were added concerning the
BE and the area ratio of different components. In order to check the quality of fit, normalized areas
of corresponding components from all core-level spectra were compared and found to be in the limit
of precision for XPS (5-15%).The binding energy scale was calibrated against neutral carbon
considered at 285 eV. The precision in binding energy is £ 0.2 eV. Four different area at the sample

surface were measured in order to check the homogeneity of the grafted layer.

Spectroscopic Ellipsometry (SE) measurements were made using a Jobin Yvon UVISEL2 setup at an
incidence angle of 70° [28]. The spectra were recorded over a 1.5-6 eV range with 0.05 eV
resolution. The refractive indices, as well as the thicknesses, were deduced from the experimental
data by using a dispersion law in DeltaPsi2 software. The corresponding optical dispersion is single

oscillator derived from the Forouhi-Bloomer model which is applicable to dielectrics material [29].

The topography and the roughness of the films have been investigated by a Pico SPM-LE AFM from

Molecular Imaging in tapping mode.

2.3. Synthesis of photoinitiator

Synthesis of tetraethyl-aminomethylene-bisphosphonate (1). Under argon, phosphorus oxychloride
(3.38 g, 2.04 mmol, 1.9 eq) was slowly added (1 hour) to a mixture cooled at -10 °C containing
formamide (0.48g, 1.07 mmol, 1 eq) and triethylphosphite (3.29 g, 2.14 mmol, 2eq). The reaction
mixture was stirred at room temperature for 1 hour and then poured over a mixture of ice and
ammonium hydroxide (40 ml). The aqueous layer was extracted with CH,Cl, (3 x 50 ml) and the
combined organic layers were evaporated under reduced pressure. The crude oil was dissolved in
CH,Cl, and treated with 5 % aqueous solution of hydrochloric acid until pH = 1. The aqueous layer
was washed with CH,Cl; (3 x 50 ml) and basified with a 2M NaOH solution until pH = 10. The aqueous
layer was extracted with CH,Cl, (4 x 50 ml) and the combined organic layers were dried over
anhydrous MgSQ,, filtered and concentrated under reduced pressure. The product was obtained as

colorless liquid (960 mg, Yield = 30 %).

NMR *H (500 MHz, CDCls) & 4.23-4.09 (m, 8H), 3.44 (t, 1H, Ypy = 20.4 Hz), 1.88 (bs, 2H,), 1.36 (t, 12H,
3Jun = 7.0 Hz). NMR 3C (126 MHz, CDCls) & 63.1 (m), 47.62 (t, Yep = 144.5 Hz), 16.3. NMR 3P (202
MHz, CDCls) 6 20.2.



Synthesis of tetraethyl- (4-dimethylamino)benzamido)methylenebisphophonate (2). To a stirred
solution of tetraethyl-aminomethylenebisphosphonate (0.74 g, 2.4 mmol, 1 eq) in dry THF were added
triethylamine (0.60 g, 0.84 ml, 6 mmol, 2.5 eq) and then 4-dimethylaminobenzoylchloride (0.49 g, 2.7
mmol, 1.1 eq) at 0 °C. The solution was allowed to warm to room temperature and stirred under argon
for 24 hours. The reaction mixture was diluted with water (10 ml) and extracted with CHxCl, (3 x 30
ml). The combined organic layers were dried over anhydrous MgSO, and evaporated under reduced
pressure. The crude product was purified by silica gel column chromatography with AcOEt /MeOH
(95:5). The pure product was obtained as a white powder (950 mg, Yield = 88 %).

m.p = 113 °C. NMR *H (500 MHz, CDCl5) & 7.72 (d, 2H, /i = 8.9 Hz), 6.68 (d, 2H, *Ju = 8.9 Hz), 6.56 (d,
1H, 3wy =10.1 Hz), 5.31 (td, e = 21.6 Hz, ¥y = 10.1 Hz, 1H), 4.21 (m, 8H), 3.03 (s, 6H), 1.26 (t, 6H, */un
= 7.0 Hz), 1.23 (t, 6H, 34 = 7.1 Hz). NMR 3C (126 MHz, CDCl3) 6 166.1, 152.8, 128.7, 119.6, 111.0, 63.6
(m), 43.6 (t, Yep = 147.3 Hz), 40.1, 16.4 (t, 3Jep = 2.9 Hz), 16.3 (t, *Jep = 3.1 Hz). NMR 3P (202 MHz,
CDCl3): 6(ppm) 16.8.

HRMS m/z (ESI): calcd. for C1gH33N,07P, [M+H]*:451.1763, found: 451.1766.

Synthesis of 4-(dimethylamino)benzamido)methylene)bis(phosphonic acid (3). To a stirred solution
of compound 2 (0.1g, 0.22 mmol, 1 eq) dissolved in dry CH,Cl; (3 ml) was added bromotrimethylsilane
(0.20 g, 1.32 mmol, 6 eq) under an argon atmosphere at 0 °C. The resulting mixture was stirred for 24
hours at room temperature. After evaporation of volatile compounds under reduced pressure, EtOH (2
ml) and H,O (1ml) were added to give a white precipitate. The mixture was stirred at room
temperature for 1 h. After filtration, bisphosphonic acid 3 was obtained as a white solid (70 mg, Yield =
94 %).

NMR *H (500 MHz, D,0 + NaOD) & 7.42 (d, 2H, 3Jus = 8.7 Hz), 6.54 (d, 2H, 3/ = 8.7 Hz), 3.88 (t, 1H, Yyp
= 18.7 Hz), 1.31 (s, 6H). NMR 3C (126 MHz, D,O + NaOD) & 167.7, 152.8, 128.4, 121.4, 112.4, 50.38,
39.7. NMR 3!P (202 MHz, D,O + NaOD) & 14.7.

HRMS m/z (ESI): calcd. for C10H1sN207P, [M-H]: 337.0354, found: 337.0362.

2.4. Preparation of Yttria Tetragonal Zirconia polycrystal (Y-TZP) disks

The Y-TZP samples were obtained from a Tosoh TZ-3YB-E zirconia ZrO, powder with 3 mol% Y,03;
(particle size 40 nm). A quantity of 1.5 g of the powder (1.15 x 102 mol of ZrO; and 5.56 x 10 mol of
Y,03) was introduced into a 1.6 cm diameter mold and pressed at 100 MPa. The Y-TZP disks were
placed in the oven and sintered at 1500 °C for 2 hours under static air. The heating and cooling ramps
were 150 °C/h. After cooling to room temperature, we obtained yttria zirconia disks (diameter: 13
mm, thickness: 3 mm). Then, Y-TZP disks were polished mechanically with abrasive papers (220-grit,

500-grit and 1200-grit) and water. Then, they were polished with Largo, DAC and NAP abrasives



papers and diamond solutions down to 1 um to obtain Y-TZP disks. Finally, the Y-TZP were
ultrasonically cleaned in acetone and then dried for a few minutes under argon atmosphere. Before
grafting, the Y-TZP disks were cleaned and activated by freshly prepared “piranha” (98 % H,S04/30 %
wt H20; in Hy0O; 70/30 v/v) for 1 hour at room temperature and rinsed thoroughly with deionized

water until neutral pH (Y-TZP-OH surfaces).

2.5. Grafting of initiator acid on Y-TZP-OH surface

In a sealed tube, the synthesized initiator compound 3 (2 mg) was dissolved in 4 ml of ultrapure
water (Milli-Q®) by adding a few drops of NaOH solution (1M) up to pH = 9-10. Piranha treated
zirconia (Y-TZP-OH) samples were dipped in the solution and heated to 100 °C for 4 hours without
stirring. At the end of the reaction, the grafted surfaces (Y-TZP-O-P) were thoroughly washed with
ultrapure water in order to remove unreacted bisphosphonic acid (three times for 5 minutes) and

then dried under argon atmosphere.

2.6. General procedure for visible light induced conventional radical polymerization

In a screw vial clear glass, monomer (4 ml, styrene or methyl methacrylate), camphorquinone (31
mg) and the zirconia pellet grafted with initiator were degassed with argon for 20 minutes. The
mixture was irradiated using a blue light lamp (450 - 455 nm) at room temperature for 2 hours. The
resulting Y-TZP surfaces (Y-TZP-PS or Y-TZP-PMMA) were washed several times in CH,Cl, and THF

then by acetone, dried under argon and then under vacuum for a few hours.

3. Results and discussion

The functionalization of Y-TZP surface with polymers by adopting the “grafting from” method was
accomplished in a three-steps process as outlined in Scheme 1. In the Step A, a zirconia pellet was
prepared from the molecular precursors followed by several treatments to activate its surface. In the
Step B, the Y-TZP-OH surface was reacted with amido methylenebisphosphonic acid to graft the
photopolymerization initiator group (Y-TZP-O-P surface). The last step (step C) involved the surface-
initiated photopolymerization of methyl methacrylate or styrene monomers by light irradiation (Y-

TZP-PS or Y-TZP-PMMA surfaces).



monomer

interi methylen tino-fi
sintering ethylene grafting-from

200, 97% . polishing bisphosphgnic acid polymerization
Y03 3% M : grafting - E 450 nm
Step 4 zirconia pellet Step B Step C
Y-TZP-PS
Y-TZP-OH Y-TZP-O-P or
Y-TZP-PMMA

Scheme 1. Schematic representation of zirconia surface modification using bisphosphonic acid as

anchoring agent.

3.1 Synthesis of amido bisphosphonic acid as anchoring agent and its surface grafting

In order to carry out the “grafting-from” photopolymerization on the zirconium oxide surfaces, the
design of a molecule bearing two functional groups, namely an anchoring function and a second
function allowing the initiation of the radical photopolymerization is fundamental.

The commonly used initiating system for the radical photopolymerization process (for example for
dental composites) is the system based on camphorquinone with a tertiary amine. Indeed, the
Norrish type Il reaction generate radicals by direct hydrogen abstraction using a coinitiator (hindered
tertiary amine) in order to allow an effective polymerization [30-32]. In our study, the 4-
dimethylaminophenyl group was selected as an initiator according to recent results published in our
group [33].

In summary, the grafting agent combines a 4-dimethylaminophenyl group with a bisphosphonic acid
derivative linked by a covalent bond using an amide function. The chemical structure of this molecule

is presented in Figure 1. Its synthesis was carried out in three steps as shown in Scheme 2.

Figure 1. Chemical structure of grafting and ~,. ~ radical initiator group for
N "grafting from"
photoinitiator agent photopolymerization
HN @)
Os //O anchoring agent for
HO™ | | ~OH zirconia grafting
OH OH

Firstly, methylene amino bisphosphonate 1 was synthesized in a one-pot procedure involving a
Vilsmeir-Haack type intermediate (combination of formamide with POCIs) followed by a nucleophilic
attack of triethylphosphite according to a Michaelis-Arbuzov type reaction [34]. In this sequence,

compound 1 was obtained in 30 % vyield from the readily available commercial reagents. NMR



analyzes have confirmed the purity of the product which can be used without purification.
Subsequently, the previous amine reacted with 4-(dimethylamino)benzoyl chloride to give methylene
amido bisphosphonate 2 in 88 % yield. The methylene amidobisphosphonic acid 3 was prepared by
dealkylation of the phosphonate groups, upon treatment with excess of trimethylsilyl bromide
followed by ethanolysis (Scheme 2). The *H and 3!P NMR spectra of molecules 1, 2 and 3 were in

good agreement with the expected chemical structures (Figure 2).

O

o)
POCI; (2 eq) Y
(o) 3
I . PR 10°C.1h y N_<P(0Et)2 . Cl Et;N (2.5 eq)
H”™ “NH, 3 then25°C,24h 2 P(OEY), N THF, 25 °C, 24 h
(1eq) (2 eq) o) | (1.1eq)
1 30%
| |
N o) o N o)
H I TMSBr (6 eq), CH,Cl,, 25 °C, 24 h H I
N.__P(OEt), - N.__P(OH),
he then EtOH/H,O (2/1),25°C, 1 h
O  P(OEt), O  P(OH),
288% O 3949 O

Scheme 2. Synthesis of the amido bisphosphonic photoinitiator 3
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Figure 2. 'H NMR spectra (A, B and C) of molecules 1, 2 and 3, respectively and 3P NMR

spectrum (D) of molecule 3 (solvent: CDCls for molecules 1 and 2, D,0 for molecule 3)
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The procedure of the Y-TZP surfaces preparation is depicted in Figure 3. The ceramics were
successfully obtained using a Tosoh TZ-3YB-E powder (97 mol% ZrO, stabilized by 3 mol% Y,0s). The
Y-TZP disks were pressed and sintered at 1500 °C for 2 hours followed by polishing. Then, they were
treated with a piranha solution according to our previously reported procedure [33]. This treatment
removes all the organic residues coming from the polishing step [35,36]. It also allows the oxidation
of the surface by introducing hydroxyl groups (Y-TZP-OH) which increase the surface hydrophilicity
and wettability. The surface topography evaluated by tapping mode AFM gives a Root Mean Square

(RMS) roughness equal to 1.4 nm (Figure 3).

i -’ 1) Sintering, 1500°C a) : . b)
4o o 2) Polishing
: 3) Piranha treatment ! d 63.4 nm
‘;”. i
. if,, 0,0
. V. S el

ZrO,/Y;04 (97/3 mol%) zirconia pellet AFM image
diameter: 13 mm RMS: 1.41 nm

v

Figure 3. Photo of Y-TZP surface after polishing (a) and AFM topography image of Y-TZP surface (b).

To confirm the chemical functionalizations of Y-TZP, XPS analyses were performed at each grafting
step of the process. This characterization technique allows knowing the atomic composition of
zirconia surface. Table 2 exposes the estimated atomic percentages of each element determined by
XPS. After treating with piranha solution, the atomic carbon concentration decreased to 8.6 % due to
removal of organic contamination such as hydrocarbons. Conversely, atomic concentration of
zirconium and oxygen increased to 29.9 % and 59.7 % respectively, which is consistent with the

theoretical values of zirconium oxide (ZrO,).

The evolution of the surface state after each step can be followed by water contact angle
measurements. This simple and fast measurement allows validation of the modifications made on
the surfaces during the grafting steps. The water contact angle of the native Y-TZP is close to 60° (due
to the presence of organic residues) which is consistent with literature data [27]. After the piranha
treatment, the water contact angle value decreases to 21° (Y-TZP-OH) due to the elimination of

organic contamination and the formation of hydroxyl groups.
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Table 2. Atomic percentages of species on zirconia surface obtained from XPS analysis after the

different surface treatments.

Experimental atomic ratio %
Surfaces Cis O1ls Zr3d Y3d P2p N1s
Y-TZP 19.5 54.6 24.4 1.5 - -
Y-TZP-OH 8.6 59.7 29.9 1.8 - -
Y-TZP-O-P 13.4 58.0 26.6 1.4 0.6 0.5
Y-TZP- PS 94.9 3.9 1.2 - - -
Y-TZP- PMMA 73.5 26.4 0.1 - - -

We tested the reactivity of the Y-TZP surface with bisphosphonic acid 3 in different conditions. To
promote the condensation of hydroxyl groups of Y-TZP-OH, we studied the influence of
concentration, pH, temperature and reaction time then the grafting was evaluated by ellipsometry.
As shown in Table 3, the best results were obtained under basic conditions (pH = 9) with a
concentration of 1.5 mmol L in bisphosphonic acid and heating the mixture at 100 °C for 4 hours.
Indeed, a basic pH is necessary to obtain good solubility of compound 3 in water at 100 °C. The
thickness of the initiator determined by ellipsometry increases over time (for example 9 and 20 nm
for 12 and 24 hours reaction time, respectively), possibly by the tendency of phosphonic acid groups
to condensate to dimers, trimers or higher polycondensates as was previously observed [37]. A

proposition of structure is given on Figure 4.

Table 3. Grafting of amido bisphosphonic acid initiator onto Y-TZP-OH surface (experimental

conditions and thickness determined by ellipsometry)

Entry [initiator 3] time temperature | thickness (ellipsometry)

mmol.L? (°C) (nm)

1 15 4h 100 1.4

2 1,5 4h 100 2.6

3 1.5 (pH=9) 24h 25 0.8

4 1.5 (pH =9) 4h 100 3.3

5 1.5 (pH =9) 12h 100 9

6 1.5 (pH=9) 24h 100 20
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The chemical composition of the surface (determined by XPS) after bisphosphonic acid grafting is
reported in Table 2 (Y-TZP-O-P). A decrease of the Zr and Y element signals was observed, confirming
the presence of an organic layer. Two new peaks appeared corresponding to N1s and P2p with
atomic percentages equal to 0.5 and 0.6, respectively. The N1s peak around 400 eV was assigned to
the amide (400.2 eV) and amine functions (399.2 eV) (Figure 5 (A)). The Cls region was fitted with
four peaks (285.1, 286.5, 288.7 and 293.4 eV) assigned to C-C/C=C/C-H, C-N, C=0 species and to the
shake-up of Tt electrons, respectively (Figure 5 (C)). In addition, a significant increase of carbon
species was observed (from 8.6 % before grafting to 13.4 % before grafting). The P2p core-level
spectrum (Figure 5 (B)) showed the spin-orbit coupling doublet, its components are located at 134.0
eV (P 2p¥%) and 133.1 eV (P 2p3/2) with the expected separation of 0.9 eV and the 0.5 area ratio.
According to this results (observation of a single peaks series for P2p) and by comparison with other
published results, we assumed that phosphonic acid adsorbs in a bidentate geometry following
deprotonation of phosphonate hydroxyl groups and leaving the P=0 group unbound (POs? species), a
representation is proposed on Figure 4 [38]. In a recent publication related to the grafting of
bisphonic acid on zirconia nanoparticles, the formation of bidentate anchoring by reaction of P-OH to
form P-O-Zr was characterized by solid state 3P NMR. The same study provided additional
information coming from *H NMR MAS, no signal assigned to P-OH was observed [39]. However, the
exact assignment of this component remains complicated by the proximity of the binding energies of

the single (PO,(OH)) and double (POs*) coordination mode [40].

dimer, trimer ...

(@) (b)

0}
AN
R R \P\ R
P PO
o) 0} O O
\p p/ \p p/ structure proposition for
/ \ / \ / \ / \\ condensation reaction
0 o e} O o d e} occuring for high reaction

i °| i i i time

Figure 4. Functionalization of zirconia by amido bisphosphonic acid according a bidentate geometry
(a) and the possible formation of dimers and trimers by condensation reaction for higher reaction

time (b).
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Figure 5. Core-level spectra of N1s (A), P2p (B), and C1s (C) after initiator grafting

In order to confirm the grafting of the initiator on the surface, water contact angle measurements
were carried out. After reaction, the water contact angle value increased from 21° to 56.7 ° indicating
a reduction in hydrophilicity by covering the zirconia surface with an amido-bisphosphonic acid layer.
This result is in agreement with chemical structure of the grafted molecule. In literature, a similar

result was obtained after the grafting of a phosphonic acid bearing an alkyl chain [41].

3.2. Grafting- from photo-polymerization of model monomers

Once steps A and B were successful, we studied the photopolymerization reaction with
camphorquinone as a widely used photoinitiator in dentals applications. The bulk
photopolymerization of the two model monomers (MMA and styrene) was carried out under light

irradiation (Scheme 1).

Actually, many publications have investigated the mechanism of camphorquinone — amine

photoinitiating system [25,31,42]. Camphorquinone absorbs radiation in the region of 200-300 nm
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(ToTT* transition) and in visible light 400-500 nm (responsible for its yellow color) due to the n,Tt*
transition of the a-dicarbonyl chromophore. Absorption of light by camphorquinone leads to the
formation to excited states: the “singlet state” and the “triplet state” which is the one relevant to
free radical formation and which have a very short half-life. While the “triplet state”, the
camphorquinone molecule can interact with the amine group grafted on the surface to generate an
excited state complex (“exciplex”) [31]. In this state, the camphorquinone molecule abstracts a
hydrogen atom from the tertiary amine on the surface resulting in the formation of free radicals.
Then, photoinitiated polymerization occurs by a chain reaction between the free radicals formed on
the surface and the monomer (styrene or MMA). A proposition of mechanism is presented on

Scheme 3.

! * 3 *
O hU ® hU .
\\O \“ . . . .
7 activated singlet activated triplet
camphorquinone state state

electron
/ ] : transfer
Nse + HO
‘cH , proton
¢ transfer

amino alkyl radical excited triplet complex
initiator radical

Scheme 3. Possible reaction mechanism of photoinitiator system with camphorquinone and amine

[42]

MMA or styrene photopolymerization was performed by irradiation with a blue light lamp (450 - 455
nm) at room temperature for 2 hours, followed by a careful rinsing of the zirconia surfaces with
polymer good solvents (THF and CH,Cl;). Once again, contact angle measurements were performed
to control this step. After MMA polymerization (Y-TZP-PMMA surface), the water contact angle
increased from 56 ° to 73 ° whereas the surface became more hydrophobic with a contact angle
equal to 85 ° after styrene polymerization (Y-TZP-PS). The contact angle evolution after each step are

presented on Figure 6. The water contact angle values obtained for Y-TZP-PMMA and Y-TZP-PS
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surfaces were in good agreement with values reported in literature for grafted or neat polystyrene or

PMMA surfaces [12, 43-45].

Y-TZP Y-TZP-OH Y-TZP-O-P Y-TZP-PS Y-TZP-PMMA
80
70
@ 60
[=Te}
£ 50
g 4
c
S 30
% 20
T
0
Y-TzZP Y-TZP-OH Y-TZP-O-P Y-TZP-PS Y-TZP-PMMA

Figure 6. Evolution of water contact angle after the different chemical treatments (piranha

treatment, photoinitiator grafting and photopolymerizations).

After styrene (monomer unit CgsHg) polymerization, the atomic percentage of carbon determined by
XPS increased from 13.4 (after initiator grafting) to 94.9 (Table 2, step C). At the same time, a
significant attenuation of oxygenated species signal was observed (from 58.0 % before
polymerization to 3.9 % after polymerization). The Cls core-level spectrum is shown in Figure 7 (A)
with a main Cls peak at 284.5 eV due to C-C/C-H bonds. The components related to carbon bonded
to O, P and N have disappeared. In addition, a m-nt* shake-up satellite peak at 291.1 eV due to the PS
phenyl ring was observed [33].

The topographies of the zirconia surfaces after styrene polymerization investigated by AFM
technique are shown in Figure 7 (B). The Root Mean Square (RMS) is equal to 23 and 29 nm for 1 um
and 2.5 um size, respectively. Compared to surface after initiator grafting, a small increase of surface

roughness was observed.
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Figure 7. Core-level spectrum of carbon Cls (A) after styrene polymerization (step C) and AFM height
image 3D of zirconia surface after styrene polymerization (B)

Also, after MMA polymerization (monomer unit CsHsO,), the atomic percentage of carbon increased
while a decrease of oxygenated species was observed. The values are presented in Table 2 (step D, Y-
TZP-PMMA). The Cls core-level spectrum peak after MMA polymerization changes significantly and
can be fitted with four carbon components (Figure 8 (A)): a main peak for C-C/C-H (284.9 eV, 46 %)
and three less intense peaks for C*-COO (285.7 eV, 20 %), C—0 (286.8 eV, 18 %) and C=0 (288.9 eV,
16 %). The O1s signal was fitted with two components coming from oxygenated species of monomer

and corresponding to C=0 (532.2 eV) and C-O (533.8 eV) (Figure 8 (B)).
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Figure 8. Core-level spectra of carbon Cls (A) and O1s (B) after MMA polymerization

The RMS of the PMMA is equal to 6 and 9 nm for 1 um and 2.5 um size, respectively. As previously
observed for PS grafting, a slight increase of surface roughness is obtained after PMMA grafting. This
phenomena can be explained by a non-uniformity in molar masses probably due the polymerization

mechanism (irreversible termination reactions in conventional radical polymerization) (Figure 9).
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Figure 9. AFM height image 3D of zirconia surface MMA polymerization

In order to calculate the surface energies, the dispersive and the surface polarity of the materials, we
supplemented the contact angle analyses by measurements on two other polar and non-polar liquids

(formamide and diiodomethane). Results are presented on Figure 10.

85,8

contact angle °
N w S (% [e2] ~N o] Vo]
o O O O O O O O

=
o

o

Y-TzP Y-TZP-OH Y-TZP-O-P Y-TZP-PS Y-TZP-PMMA

mwater Mformamide ™ diiodomethane

Figure 10. Contact angles measurements (water, formamide, diiodomethane) of native and modified

Y-TZP surfaces.

From the Young-Van Oss equation, it was possible to calculate the Lifshitz-Van der-Waals &%
(nonpolar) and the Lewis acid-base contributions 88, The "8 was calculated from the electron-donor

6* and electron-acceptor & parameters [26,27,46]. The values for all these parameters are

summarized in Table 4.
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Table 4. Calculated values of the surface energy 8s, the component Lifshitz-Vand-Der-Waals 6V, the
electron acceptor 6" and the electron donor 6 parameters of the acid-base component of native and

modified Y-TZP surfaces.

Surface energetic
Surface characteristics (mJ.m2)

5 5 & 5w
Y-TZP 40.32 | 0.32 23.05 34.89
Y-TZP-OH 57.87 | 2.56 45.86 36.2
Y-TZP-O-P 43.83 | 0.78 22.88 354
Y-TZP-PS 35.50 | 0.56 7.11 315
Y-TZP-PMMA 40.46 | 0.14 10.43 38.0

The total surface energy (8s) of native Y-TZP is equal to 40.3 2 mJ.m?, in reasonable agreement with
others studies [27]. The polar components (6* and &) were relatively low, these values corroborating
the presence of organic impurities. After piranha treatment, total surface energy (&s) increased to
57.8 mJ.m2 and the electron donor & component increased to 45.82 mJ.m* due to the presence of
numerous hydroxyl groups (Y-TZP-OH) on the surface. Reaction with amido bisphosphonic acid led to
a decrease of the electron donor 6 component (22.8 .2 mJ.m?) due to the formation of Y-TZP-O-P
bonds. Then, styrene and MMA photopolymerizations giving more hydrophobic surface led to a
decrease in the total surface energy (35.5 and 40.4 mJ.m2 respectively) as well as the electron donor

6 component.

The thickness of the PMMA and PS polymer grafting was determined by SE. The thickness of the
organic layer formed from grafted initiator was found to be around 3.4 nm. After
photopolymerization with MMA and styrene, the thickness increased to 27.3 and 45.5 nm,

respectively. These results are reported in Table 5.

These different characterizations confirmed the photopolymerization efficiency and the formation of
grafted polymer layer on the zirconia surface. By this method, we will be consider extending this
zirconia surface functionalization to several monomers including zwitterionic compounds and ionic

liquids in order to propose new antibacterial or antiobioadhesive surfaces.
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Table 5. Evolution of the surface thickness determined by spectroscopic ellipsometry after different
modification step

Surface Thickness (nm)
Photoinitiator grafting (Y-TZP-O-H) 3.3
Styrene polymerization (Y-TZP-PS) 27.3
MMA polymerization (Y-TZP-PMMA) 45.4

4. Conclusion

In this study, we reported a simple strategy to modify the zirconia surfaces by grafting-from
photopolymerization. To this end, a new photoinitiator bearing a N,N-dimethylamine function and a
bisphosphonic acid was designed. Effective grafting of this organic initiator on the zirconia surface
has been successfully achieved by condensation of its phosphonic acid functions with the surface

hydroxyl groups.

Subsequently, we evaluated the “grafting from” photopolymerization reactions with styrene or
methyl methacrylate as monomers by blue light activation. After grafting and polymerizations of
these monomers, the surface modifications were characterized by AFM, XPS and SE. The XPS study
showed clearly all characteristic peaks corresponding to the atoms and functional groups coming
from the photoinitiator and grafted polymers. The wettability of the surface was characterized by
measurements of contact angles at different polar and nonpolar liquids to calculate the energy of

surfaces and its polar parameters.
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