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Abstract Enhanced biocompatibility of titanium
implants highly depends on the possibility of achieving
high degrees of surface functionalization for a low immune
response and/or enhanced mineralization of bioactive
minerals, such as hydroxyapatite. In this respect, surface
modification with Self Assembled Monolayers (SAMs) has
a great potential in delivering artificial surfaces of
improved biocompatibility. Herein, the effectiveness of
common chemical pre-treatments, i.e. hydrogen peroxide
(H,0,) and Piranha (H,SO,4 + H,0,), in facilitating sur-
face decontamination and hydroxylation of titanium sur-
faces to promote further surface functionalization by SAMs
is investigated. The quality of the octadecyltrichlorosilane
(OTS) based SAM appeared to strongly depend upon the
surface morphology, the density and nature of surface
hydroxyl sites resulting from the oxidative pre-treatments.
Contrary to common belief, no further hydroxylation of the
titanium substrate was observed after the selected chemical
pre-treatments, but the number of hydroxyl groups avail-
able on the surface was decreased as a result of the for-
mation of a titanium oxide layer with a gel-type structure.
Further examinations by atomic force microscopy, infrared
spectroscopy and X-ray photoelectron spectroscopy also
revealed that mild oxidizing conditions were sufficient to
remove surface contamination without detrimental effects
on surface hydroxylation state and surface roughness.
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Furthermore, the adsorption of the alkylsiloxane molecules
forming the SAM film is believed to proceed through
hydrolysis at surface acidic hydroxyl groups rather than
randomly. This site dependent adsorption process has sig-
nificant implications for further functionalization of tita-
nium based implants. It also highlights the difficulty of
achieving an OTS based SAM at the surface of titanium
and question the quality of SAMs reported at titanium
surfaces so far.

1 Introduction

Titanium and its alloys are widely used in orthopedic
surgery as load bearing implants because of their superior
mechanical properties, good biocompatibility with hard
human tissues, and high resistance to corrosion [1]. Good
osteointegration of a titanium implant will depend upon
several factors including bio-recognition, bone growth and
adhesion of the new bone at the implant surface. The later
has appeared to be challenging due to slow rate of bone
ingrowth in the early stages of post-implantation [2].
Different surface modifications based on mechanical,
chemical and physical means have been pursued to facili-
tate bone growth onto the surface of titanium [3]. However,
methods based on the modification of titanium surface with
calcium phosphate and/or hydroxyapatite (HA) coatings
have attracted most research interest because of the sub-
stantial improvements achieved in terms of osteointegra-
tion [4]. Among the different methods available to deposit
HA onto titanium substrates, plasma-spray is the most
widely used technique because of the relative simplicity of
the process in producing commercial HA modified
implants. Although the benefit of such HA coated implants
is widely recognized, several poor characteristics of
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plasma-sprayed HA coatings include inconsistency in the
structure of coating, phase and chemical composition,
problems associated with bioresorption, degradation and
bone apposition [5].

Ideally, the HA coating should satisfy specific require-
ments, including a high degree of crystallinity for appro-
priate biological response, consistent characteristics across
the coating layer, good coating adhesion and optimal
porosity to promote bone ingrowth. A surface induced
mineralization method whereby HA mineralization is
induced at molecular levels by a functional Self-Assembled
Monolayer (SAM) is therefore a more promising approach
[6]. SAMs carrying specific groups, such as carboxylic acid
and phosphate, have been found to induce calcium phos-
phate and HA mineralization with high crystallinity and
relatively strong interfacial bonds with the substrates [2, 7—
10]. However most investigations were conducted on
substrates such as silicon [10-13] and gold [14, 15], on
which the formation of SAMs is relatively well understood.
Further work has been reported on the mineralization of
HA at SAMs modified titanium substrates [2, 6-9, 16, 17],
but little attention has been paid to fundamental issues
related to the formation of SAM based on silane chemistry.
The functionalization of titanium surfaces with SAMs is
usually carried out following basic procedures used for
silicon, i.e. the surface of titanium is degreased with ace-
tone, ethanol or toluene and further hydrocarbon contam-
ination is removed using a Piranha solution
(v:v H,SO4:H,0,). The later also supposedly contributes to
further hydroxylation of the titanium substrate [18]. Evi-
dently, the stability of the HA coating will depend on the
strength and the organization of the SAM film at the sur-
face of titanium. To obtain a well-ordered and densely
packed SAM, the surface of the substrate should be rela-
tively smooth, free from contaminants [19] and contain
sufficient hydroxyl adsorption sites to achieve full cover-
age [7, 20]. A better understanding of the SAMs chemistry
at titanium surfaces is therefore of importance.

Accordingly, this study aims at the rationalization of the
influence of conventional chemical pre-treatments,
including Piranha [21] and H,0O, [22-24], and common
experimental practices on the growth of SAMs at the sur-
face of titanium. To this end, the commonly utilized and
extensively investigated octadecyltrichlorosilane (SiCls;—
(CH,),7—CH3) molecule has been used for the formation of
SAMs. OTS bears only one reactive group to enable sur-
face adsorption, i.e. SiCls. Furthermore, the neutral ter-
minal group (—CH3) of OTS reduces possible deformations
of the SAM film due to steric repulsions of the end groups.
Techniques, including scanning electron and atomic force
microscopy, were used to characterize the morphological
evolution of the surface of the substrate with respect to
chemical pre-treatments and SAM growth. Further insight
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into the evolution of the titanium surface chemistry upon
chemical pre-treatments was gained by X-ray photoelec-
tron spectroscopy, contact angle measurements and infra-
red spectroscopy.

2 Materials and methods
2.1 Materials

All chemicals, including acetone, ethanol (GPR grade),
sulphuric acid (>97.5%, AR grade), hydrogen peroxide
30 wt. % in water (ACS reagent), OctadecylTrichloroSi-
lane (OTS) (>90%), carbon tetrachloride (>99.8%) and
chloroform (AR grade), were purchased from Sigma and
used as received. IsoparG (mixture of branched iso alkanes
C9-C12 naphthenes, iso- and n-paraffins and alkanes) was
bought from Exxon Chemical PF. Diamond suspensions,
grinding papers and polishing mats were purchased from
Buehler. Pure titanium plates (Ti) were purchased from
Goodfellow and were cut to 1 x 1 cm?” as the substrates.

2.2 Substrate pre-treatment

The substrates were first polished with a #800, #2400 and
then a #4000 silicon carbide grinding paper using a Struers
Knuth-Rotor grinding machine. Afterwards, the substrates
were successively polished with 3, 1 and 0.25 pum poly-
crystalline diamond suspensions on velvet mats at
500 rpm. The polished substrates were sonicated in dis-
tilled water, ethanol and then acetone. They were finally
blow dried with Ar. The polished substrates (Po-Ti) were
treated using three different conditions: (a) immersed in a
2:1 Piranha solution (v:v, H,SO4: H,0,) at 60°C for
10 min (substrate denoted c_Pi-Ti); (b) soaked at room
temperature for 2 h in a Piranha solution diluted twenty
times (substrate denoted as d_Pi-Ti); or (c) dipped for 2 h
at room temperature in a diluted solution of H,O,, i.e. 15
wt. % H,0, (substrate denoted as d_HP-Ti). All the sub-
strates were rinsed with a copious amount of distilled water
and then blow dried with Ar.

2.3 SAM growth

The formation of the OTS self-assembled monolayer was
carried-out following the procedure from Wang et al. [25],
which does not require any specific facilities, such as a
clean room. Nonetheless, SAM adsorption was carried out
in a glove box under Ar atmosphere to avoid water poly-
merization of OTS. All experimental vessels and tweezers
were thoroughly cleaned before use. A solvent mixture of
1 mL carbon tetrachloride, 1.5 mL chloroform and 10 mL
IsoparG was dried over aluminum oxide (Fluka). A
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micropipette was used to add OTS into the solvent to make
a final OTS concentration of 10 mM. The Ti substrates
were placed in 10 mL of OTS solution. The vials were
tightly sealed and kept at 23°C for 24 h. The substrates
were then removed from the OTS solution and successively
sonicated in chloroform and ethanol for 5 min to remove
any unbounded OTS. They were finally blow dried with Ar
and stored under Ar before characterization. Five substrates
were prepared for each set of experimental conditions and
the most representative results are reported.

2.4 Scanning electron microscopy (SEM)

The surface morphology was characterized by Scanning
Electron Microscopy (using a JEOL 6300 instrument)
operated at 20 kV. The substrates were mounted and
scanning electron micrographs were recorded at various
magnifications.

2.5 Atomic force microscopy (AFM)

Surface features were examined by atomic force micros-
copy. Measurements were performed in contact mode with
a multimode scanning probe microscope from Veeco. The
contact mode was chosen to avoid any artifact due to the
water physisorbed at the surface of the Ti substrates. A
silicon nitride cantilever with a spring constant of 0.05 N/
m and resonance frequency of 22 kHz was used. The
images were recorded with a resolution of 300 x 300
pixels at a scanning rate of 1 Hz.

2.6 X-ray photoelectron spectroscopy (XPS)

Evolution of the chemical composition of the titanium
surface after chemical pre-treatment was determined by
X-ray Photoelectron Spectroscopy (XPS) using a VG-
Microtech Mutilab 3000 instrument. The specimens were
mounted on standard sample stubs using double-sided
adhesive tape. The XPS measurements were performed in a
vacuum of less than 1077 Pa. An Al Ku source with a
power of 150 W was used. XPS spectral full scans and
narrow scans for Cls, Ti2p and Ols were recorded.

2.7 Contact angle measurements

The surface wettability of the titanium substrates was
evaluated by contact angle measurements before and after
chemical pre-treatment and modification by SAM. Exper-
iments were carried out using high purity water and with a
homemade instrument equipped with a Qx3 microscope
from IntelPlay (Intel and Mattel) and a Kaiser RT1 camera.
Five measurements were made at different locations on
each substrate and the results were averaged.

2.8 Diffuse reflectance infrared Fourier transform
(DRIFT)

The formation of OTS based SAM at the surface of tita-
nium and the level of order of the monolayer was evaluated
by infrared spectroscopy using a DRIFT accessory. IR
spectra were recorded using a Digilab instrument. The
substrates were mounted on the stand within the DRIFT
chamber. The signal was maximized and the spectra were

recorded with 60 scans at a resolution of 4 cm™".

3 Results

3.1 Effect of chemical pre-treatments on the surface
properties of titanium

The titanium substrates initially polished (Po-Ti) were pre-
treated with acidic solutions of different acidic strength and
composition in order to remove organic contaminations
and enhance surface hydroxylation prior to SAM func-
tionalization. As shown in Fig. 1b, pre-treatment in Pira-
nha solution resulted in severe surface etching and the
formation of large crevices in comparison to the reference
substrate (Po-Ti) (Fig. 1a). To mitigate the effect of Pira-
nha, Po-Ti was treated with a 2:1 Piranha solution diluted
twenty times and after such a treatment the surface
remained relatively smooth (Fig. 1c). Similarly, pre-treat-
ment of Po-Ti without sulphuric acid and with hydrogen
peroxide only, to enhance surface hydroxylation, also
resulted in the formation of a smooth surface with few
crevices (Fig. 1d). Further characterizations by AFM con-
firmed the roughness observed by SEM at local levels. The
Root Mean Square (RMS) roughness of Po-Ti was found to
be only 1.5 nm (Fig. 2a). As observed by SEM and
reported previously [18, 26, 27], the roughness of pre-
treated Po-Ti with Piranha solution is relatively high, i.e.
30.6 nm (Fig. 2a, b). In comparison, pre-treatments with
diluted Piranha solution (d_Pi-Ti) and diluted hydrogen
peroxide solution (d_HP-Ti) led to an RMS of 2 and
6.6 nm, respectively (Fig. 2c, d). It is noteworthy that the
horizontal noise observed as the AFM tip is dragged along
the surface of d_HP-Ti (Fig. 2d), would indicate a “soft”
surface structure as further discussed below.

The evolution of surface chemistry of the substrates as a
function of the pre-treatment method was characterized by
XPS. The XPS survey spectra of the reference substrate,
i.e. Po-Ti, and those after different treatments show peaks
related to titanium, oxygen, and carbon (Fig. 3). The Auger
peaks for Ti, O and C were also observed at higher binding
energies. No sulphur peaks were detected by XPS analysis.
Surface contamination by carbon was also determined by
XPS. As shown in Fig. 4a, two main peaks were observed
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Fig. 1 SEM images of (a) Po-
Ti, (b) d_Pi-Ti, (¢) d_HP-Ti,

and (d) c_Pi-Ti. The scratches
noticeable at the surface of Po-
Ti are due to polishing effects

DETAFF

at 284.4 and 288.1 eV. These peaks correspond to C bon-
ded with O (C-O, C=0 and OH-C=0) [28-32], and
hydrocarbons (C=C, C-C and C-H), [27, 33-35] respec-
tively. Both peaks are due to CO, and organic contami-
nants, and their intensity was found to decrease with
increased concentrations of the Piranha and in particular
H,0,. Accordingly, the removal of carbon contamination
from the titanium surface is mostly due to the use of H,O,,
a strong oxidant, and not H,SOy,.

These conclusions were confirmed by contact angle
measurements (Fig. 5). The water contact angle of the pre-
treated substrates was found to decrease from 75 down to
20° in agreement with previous studies [2, 7]. Furthermore,
the following order of increasing hydrophilicity was
observed: Po-Ti < d_Pi-Ti <d _HP-Ti ~ c¢_Pi-Ti. This
corresponds to the same trend observed for the evolution of
carbon contamination as function of H,O, concentration
(Fig. 4b). The lower the carbon contamination the higher is
the surface hydrophilicity, suggesting once again that the
increase in hydrophilicity is due to the decontamination of
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the titanium surface and not further hydroxylation of the
titanium surface, as believed previously [36].

The XPS narrow-scan spectra of Ti2p also revealed two
main peaks at 458.8 and 464.4 eV, corresponding to TiO,
(Fig. 6) [34, 35, 37, 38]. The weaker peak found at a lower
binding energy of 453.0 eV was assigned to Ti® [39]. Since
the intensity of this peak decreases in the following order:
d_Pi-Ti > d_HP-Ti > c_Pi-Ti, it can be concluded that at
equivalent penetration depth of the photoelectrons (i.e.
7 nm), the thickness of the oxide layer is larger at c_Pi-Ti
than d_Pi—Ti. Hence, the etching kinetic of the oxide layer
should be slower in solutions of weaker acidic strength.
Furthermore, the XPS narrow-scan spectra in Ols region
revealed several peaks at 529, 530 and 531 eV, which were
attributed to oxygen in bulk TiO, (Ti-O) [31, 32, 40],
surface acidic and basic hydroxyl (OH) groups, respec-
tively (Fig. 7) [37, 40, 41]. The acidic OH (OH,) is bound
to two surface titanium atoms, whereas the basic OH (OHy)
is bound to one surface titanium atom [42]. The XPS
results in the O1s region are summarized in Table 1. In all
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Fig. 2 AFM images (a)
(5 pm x 5 pm) of (a) Po-Ti,
(b) d_Pi-Ti, (¢) d_HP-Ti, and
(d) c_Pi-Ti. Area RMS
roughness: 1.5 nm for (a),

2.0 nm for (b), 6.6 nm for (c),
and 30.7 nm for (d)
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Fig. 3 XPS wide-scan spectra of the untreated (Po-Ti) and treated
titanium substrates (d_Pi-Ti, d_HP-Ti, and c_Pi-Ti)

cases, the major contribution to the O1s peak resulted from
Ti—O and it is noteworthy that the amount of OH groups
was found to decrease in favor of the formation of Ti-O.

(b)

57.68 nm

Opm 25um Spum

(d)

Sum
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This result conflicts previous statement assuming that
chemical oxidation facilitates the hydroxylation of titanium
[7]. The reason for such a conflict may be due to the
technique used, as a decrease in water contact angle at a
titanium surface treated with Piranha [7] is not sufficient to
guarantee the formation of surface hydroxyls. The removal
of organic contaminants would also result in a decrease in
surface tension. Furthermore, the contribution of OH, to
the Ols peak appeared to be higher than that of OH,.
Comparison of d_Pi—Ti and c_Pi-Ti shows that almost no
OH,, remained after treatment of the titanium substrate with
a concentrated Piranha solution; however the amount of
OH, increased. Consequently, treating titanium with the
Piranha solution favored the formation of OH, in detri-
ment to OHy,. For the titanium substrate treated with diluted
H,0,, such an effect was not observed and the amount of
OH,, is almost half that of OH,. This is in agreement with
data reported by Matsumura et al. [43] showing that the
amount of OH,, decreases considerably after treatment of
titanium with H,O,. During the competing dissolution of
the oxide layer and further precipitation of titanium oxide,
the surface is likely to undergo major reconstruction
leading to the formation of an amorphous titanium oxide
layer with a gel-like structure [22-24]. The decreased
number of OH groups observed by XPS could result from a
lower number of oxygen defective sites within the titanium
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Fig. 4 (a) XPS narrow-scan spectra of Cls and (b) level of carbon
contamination on the titanium substrates as function of the pre-
treatments used and associated H,O, concentration
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Fig. 5 Water contact angle of chemically pre-treated titanium
substrates before and after OTS adsorption

oxide gel layer, which in turn lowers the probability of
forming OH, and OH, groups through dissociative water
adsorption [44-46]. In addition, OH, and OH,, on anatase
powder were found to have a pKa of 2.9 and 12.7,
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respectively [31, 42]. Assuming similar pKa values at the
surface of titanium substrates, in a highly concentrated
acidic medium, OH,, is prone to dissociation leaving the
surface with OH, groups only.

3.2 Formation of an OTS monolayer at titanium
surfaces

The formation of SAM on the surface of titanium sub-
strates was characterized by water contact angle measure-
ments. As shown in Fig. 5, the hydrophilicity of the
substrates substantially decreased from 20° to values in
between 100 and 110° after immersion of the titanium
substrates in the OTS solution. A similar value of 110° of
water contact angle has been previously reported for the
formation OTS monolayers fully covering the surface of
silicon [25, 47, 48]. However, this result does not neces-
sarily mean that a dense and well organized film has been
formed. An increase in hydrophobicity would either be
observed when the OTS molecules are well-organized into
a dense and vertically oriented film or adsorbed at the
surface of titanium in a disorganized structure with OTS
molecules lying down on the surface. Furthermore,
excessive roughness of the oxide layer, i.e. above 2.6 nm
corresponding to the length of a fully stretched OTS mol-
ecule, would also lead to the accumulation of OTS mole-
cules within the porosity of the surface and a certain level
of conformational disorder within the OTS film.

In order to gain further insight in the structure of the
OTS film, AFM investigations were carried out on the
substrates with relatively smooth surfaces, i.e. Po-Ti and
d_Pi-Ti before and after OTS adsorption (Fig. 8). It was
not possible to characterize the morphology of c¢_Pi—Ti and
d_HP-Ti by AFM because of their relatively high surface
roughness. Upon AFM imaging, the surface of Po-Ti

T Po-Ti
5 ! — == d_Pi-Ti
< 7 ----c_PiTi
= Iy -~ d_HP-Ti
@ 7a\}
= A\ -
‘qc-a \\'\ -~ —\}\"
- .27 . .
i = e ~_ 7 —— P
T T T T T T T
450 455 460 465 470

. , . , .
452 453 454 455
Binding energy (eV)

Fig. 6 XPS Narrow-scan spectra of Ti2p of the titanium substrates
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Fig. 7 XPS narrow-scan of Ols Ti-O Ti-O
for (a) Po-Ti, (b) d_Pi-Ti, (@) (b)
(¢) d_HP-Ti, and (d) c_Pi-Ti. 60000 80000
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hydroxyl groups & £ 50000 1
2 OH, 2
S 30000 S 40000
o o
© 5000 | OHy O 30000
20000
10000 1 10000 -
0 , _ - :.. Segn. o 04 |
526 528 530 532 536 538 540 526 528 530 532 534 536 538 540
Binding Energy (eV) Binding Energy (eV)
(c) Ti-O (d) Ti-O
100000 | 90000 |
80000 1 70000
” 70000 1 w 60000
% 60000 { )
2 + 50000
S 50000 | OH E OH,
3 40000 | o 40000
o (&)
30000 30000
20000 - 20000 OH,
10000 10000
04 el 0 , -
526 528 530 532 534 536 538 540 526 528 530 532 534 536 538 540

Binding Energy (eV)

Table 1 Peak fitting parameters in Ols region for all of the samples

Ols (Ti—0)  Ols (acidic OH)  Ols (basic OH)
Po-Ti
Ep (eV) 529.8 531.3 532.6
Ai(cs7'eV) 9417047  48107.83 32732.55
A A; (%) 53.8 27.5 18.7
d_Pi-Ti
Ep (eV) 529.9 531.3 532.5
A; (cs™'eV) 145858 544232 17595.02
AV A; (%) 66.9 25 8.1
d_HP-Ti
E, (eV) 530.4 531.6 532.6
A (cs7teV) 171525 43894.27 17254.56
AYSA; (%) 73.8 18.8 7.4
c_Pi-Ti
Ep (eV) 529.9 531.4 532.8
A; (cs™'eV)  156008.4 62285.3 1650.675
A A(%) 71 28.3 0.7

A, is the area under peak, Ejy, is the binding energy of the peak, and A;/
DA, is the contribution of each peak in the sample

appeared to be composed of large aggregates with an
average height of 15.34 nm indicating that the OTS mol-
ecules self-assembled into multilayer structures. Clearly,
the initial hydrophobicity of the surface and high

Binding Energy (eV)

hydrocarbon contaminations inhibited the formation of a
monolayer at the surface of Po-Ti. In comparison, the
surface of d_Pi—Ti appeared fully covered, but the film
obtained was not of uniform thickness. On some parts of
the substrate, a monolayer was observed (Fig. 8, Area A,
peak to valley height of 2.82 nm corresponding to the
length of a fully stretched OTS), whereas a multilayer
structure appeared on other parts of the substrate (Fig. 8,
Area B).

The conformational disorder of the OTS film was further
clarified by infrared spectroscopy (Fig. 9). According to
previous investigations, highly ordered and dense mono-
layer of alkylsiloxane chains show stretching vibrations at
2960, 2920 and 2850 cm ™" for v,(~CH3), v,«(—~CH,) and v,
(—CH,), respectively [49-52]. In the present study, only the
substrates treated with the Piranha solution, i.e. d_Pi-Ti
and c_Pi-Ti, displayed vibrations at 2920, 2960 and
2850 cm ™. Furthermore, the v,(—~CHs) vibration clearly
observed at 2975 cm™ ' for d_Pi-Ti and not with c¢_Pi-Ti
further confirms that most alkylsiloxane chains are verti-
cally oriented on d_Pi-Ti [53]. Accordingly, on d_Pi-Ti
the OTS film is more dense and ordered than on c_Pi-Ti,
where the high surface roughness may have led to
enhanced steric repulsions of the alkyl chains and a certain
degree of conformational disorder [53]. For d_HP-Ti and
Po-Ti, a significant shift for all stretching vibrations to
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Fig. 8 AFM images

(5 pm x 5 pm) and line
analysis of (a) Po-Ti, (b) Po-Ti
after OTS adsorption, and

(¢) d_Pi-Ti, (d) d_Pi-Ti after
OTS adsorption

@ Springer

f Distance
0.346 pm

(b)

Height
1.99 nm

Angle
03"

29nm

2171
E
=
@ 1457111
©
(m]
~N

02241

0 :
0 1 2 3 4 5pm

Distance (prm)

34nm
2554
£
=
® 17
8
(1]
Q
Y]
8541
Dist Height Angl 8 '
ISTance (=] (=3 4
0394pm 1616 nm 23  (Green) 1 2 3 e
0305pum 1452 nm 27" (Blue)
(C) Snm
3754
E
=
o 251
8
o
a
%]
1254
0
Distance Height Angle
0.401 pm 123 nm  02° Distance (urr)
(d) 24 nm
£
=
=
[1v]
=}
I
Distance Height Angle
00836pm 282 rm 25 (Blue)
00509pm 321 om 36°  (Green) Distance (prm)



J Mater Sci: Mater Med (2011) 22:1813-1824

1821

Vas('CHs)

S L. SIS 2854,
o oo \ R4 N/
; RS . , T ia---
£ 7~ 2960 "\ 2925/ P J/ e
~.—-N " B ~ i N /_/‘
FCJ NN .-’ , B \2859 -
c NV / TN s
= T Ny o
\292q s . /9 ""C—P"T'_
VA W/ - d_HP-TI
AN ) f—
V- - d_Pi-Ti
2020 Po-T
T T T T T T \; T T T T T T T T T T T 1
2970 2940 2910 2880 2850 2820

Wavenumber (cm™)

Fig. 9 FTIR spectra of the titanium substrates after OTS adsorption
in the C-H stretching region

higher frequencies was observed (Fig. 9). Therefore, the
OTS molecules adsorbed on the surface of d_HP-Ti and
Po-Ti are not well-organized and most of the alkylsiloxane
chains may lie on the substrate or form vertical polymeric
structures [54-56].

(a) CH,
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1.Cl S )
SR ELEEE cIeX Clmmmnnnne fem
4% OH Si
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4 Discussion

From these results, it can be concluded that the formation
of OTS self-assembled monolayer at the surface of tita-
nium is not as simple as previously reported. The reaction
of OTS with hydroxylated surfaces is relatively complex,
[54, 57] and according to previous investigations, it is not
clear whether the adsorption of OTS occurs through a
ligand exchange mechanism whereby the chlorosilanes are
pre-hydrolyzed before the adsorption can take place
(Fig. 10a), or if the adsorption reaction directly proceeds
via the hydrolysis of the chlorosilanes end group by the
titanium OH groups (Fig. 10b). Once in contact with tita-
nium, the formation of an organized self-assembled
monolayer of OTS molecules depends upon several
parameters, including the water concentration and the
density of OH on the surface of titanium [25, 54, 57]. If the
reaction follows a ligand exchange mechanism, water
needs to be added to the OTS solution. However, adding
water would also result in the polymerization of OTS
molecules and the deposition of aggregates onto the surface
of titanium. In our experimental conditions, a dry hydro-
phobic solvent was used to avoid cross-polymerization of
OTS molecules in the solution and maintain a thin layer of
water molecules nearby the surface to induce the
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Fig. 10 Schematic representation of the adsorption mechanism of
OTS onto the surface of titanium: (a) according to a ligand exchange
mechanism, (b) according to a direct hydrolysis of the chlorosilanes
through the titanium hydroxyl. (¢) Growth of the OTS monolayer in
case of a high density of hydroxyls at titanium surface following a
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ligand exchange mechanism (horizontal polymerization). (d) Growth
of the OTS monolayer in case of a low density of hydroxyls at
titanium surface following a ligand exchange mechanism (vertical
polymerization)
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adsorption of OTS. However, these ‘favorable’ conditions
alone were insufficient to facilitate the formation of a
consistent monolayer at the surface of titanium. In fact, our
observations demonstrate that the formation of a well-
organized monolayer depends more on the pre-treatment
conditions than the concentration of water within the sub-
strate-liquid interface. While the oxidation of the substrate
with H,O, didn’t yield the formation of a well-organized
OTS film, upon pre-treatments with Piranha solutions the
formation of an ordered OTS layer was observed (Fig. 9).
Since the only difference in between the two sets of
experimental conditions is the final concentration of sur-
face hydroxyls (Table 1), it can be concluded that the
differences in the OTS structures observed at the surface of
both substrates are probably due to dissimilar hydroxyl-
ation states. At low OH density, once a silanol has formed a
bond with a surface hydroxyl, subsequent cross-polymeri-
zation with adjacent silanols will occur within the double
layer at the titanium-OTS solution interface. If a surface
OH site is close enough to the first adsorption site, further
cross-polymerization of OTS molecules will occur in a
horizontal manner and lead to a monolayer covalently
bound to the titanium surface (Fig. 10c), otherwise vertical
polymerization will happen with the formation of polysi-
lane aggregates (Fig. 10d). Such behavior is highlighted by
the adsorption of OTS on Po-Ti, where the presence of
hydrocarbon contaminants probably inhibits the horizontal
polymerization of OTS despite a large density of hydroxyl
groups at the surface of titanium. Hence, once a monolayer
is formed on Po-Ti, further polymerization continues on
silanols at the edges of the monolayer leading to the for-
mation of large aggregates as observed by AFM (Fig. 8b).
This polymerization process is self-sustained by the water
molecules constantly available in the double layer (the
reaction of silanols releases water), and would explain the
non-uniformity of the layers obtained.

Since relativity well-ordered structures of OTS were
only obtained on substrates showing a high concentration
of acidic hydroxyl groups (i.e. Piranha treated substrates,
Table 1); the different reactivity of the titanium OH groups
could also influence the adsorption behavior of OTS at the
surface of titanium. As previously mentioned, OTS
adsorption can either occur through ligand exchange
(Fig. 10a) or hydrolysis by surface OH groups (Fig. 10b).
The possible release of a proton from the surface hydroxyl
would probably be the favorable adsorption path in detri-
ment to the ligand exchange route, which involves
replacing a basic surface OH with an OH from the neutrally
charged silanol. Although these two reaction paths have
been considered equivalent in previous investigations [54],
our results suggest a molecular recognition path at the
titanium—OTS solution interface, with OTS molecules
recognizing specific acidic adsorption sites. Such behavior

@ Springer

is not unique to OTS molecules. For instance, the adsorp-
tion of complexes at the surface of silica within the solid—
liquid interface has been reported to proceed through site
recognition [58]. Hence, to achieve a homogeneous and
full coverage of OTS molecules on the surface of titanium,
pre-treatment methods promoting the formation of the
acidic hydroxyl groups, rather than basic hydroxyl groups,
should be derived.

5 Conclusions

The effect of conventional chemical pre-treatments, i.e.
H,0,; and Piranha solution, on the surface morphology and
chemistry of titanium substrates was investigated in an
attempt to rationalize the conditions for the formation of
well-organized SAM films based on OTS. According to our
results, a well-ordered monolayer would not be obtained
even though the pre-treatment conditions are carefully
controlled. For the best result, a pre-treatment with diluted
Piranha should be used to avoid excessive corrosion of the
titanium substrate and the formation of a very porous
surface. Furthermore, sufficient density of hydroxyl groups
at the surface of titanium appeared to be essential for the
horizontal polymerization of the OTS molecules on the
surface of titanium. A low hydroxyl concentration would
result in vertical polymerization of the silanols groups and
the formation of large aggregates. In addition, the adsorp-
tion of OTS on the surface of titanium may depend on the
type of titanium hydroxyl group, i.e. acidic or basic. The
formation of the covalent bonds, =Ti-O-SiCl,-C,H,,
through the direct reaction of acidic hydroxyl groups with
the chlorosilane end groups would be the favorable reac-
tion path for the formation of a well ordered and dense
SAM film at the surface of titanium.
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